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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree Master of Science in Engineering
College/Dept. Engineering/Chemical & Material Sciences
Name of Candidate Luke X. Viegas
T i t l e QUANTIFICATION OF BUTANOL PRODUCED BY C. PASTEURANIUM AND
ISOLATED BY L-Α-LECITHIN LIPOSOMES USING QUANTITATIVE PROTON NUCLEAR
MAGNETIC SPECTROSCOPY (QNMR)
A cleaner and more efficient option to ethanol in the alternative fuel
industry is n-butanol. The focus of this study was to establish that quantitative
Nuclear Magnetic Resonance spectroscopy (qNMR) is a viable method to
determine levels of n-butanol as it is produced by Clostridium pasteurianum in
the fermentation of glycerol. Extractive fermentation using L-α-Lecithin
liposomes is proposed to separate n-butanol, hence the spectroscopic behavior
of n-butanol in the presence of liposomes was studied and partition coefficients
were determined. Additionally, qNMR was used to quantify glycerol and other
fermentation products during the fermentation of C. pasteurianum using a
bioreactor. Two different methods were used to determine n-butanol
concentrations: Vnmrj 4.2 software and 4-dimethyl-4-silapentane-1-sulfonic
acid (DSS) used as internal standard.

The calibration curves for butanol-water and butanol-liposome-water
were linear and yielded accurate butanol concentrations between 0.05 g/L and
8 g/L n-butanol. Partition coefficients for butanol into liposomes were
determined by separating liposomes from the mixture and determining the
butanol concentration in the supernatant. Liposomes were separated using the
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CHAPTER I

INTRODUCTION
1.1

Motivation of Producing and Extracting n-Butanol
Alternative fuels such as ethanol grew in popularity in the 2000s

because they are renewable sources of energy [1]. The concept was that
plant material, such as corn and sugarcane, could be mashed in water
and fermented with yeast to produce ethanol [1]. In the United States, all
gasoline automobiles must be able to combust gasoline that has been
blended with 10% ethanol [2]. Though ethanol is a sustainable fuel
solution over gasoline, there are some major drawbacks. Ethanol reduces
gas mileage by an average of 20-30% and can corrode the aluminum
metal shafts and rubber gaskets in some car engines [1]. Ethanol is a
short chain alcohol, which increases the solubility of water
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in gasoline [2]. Ethanol also increases the dielectric properties of engines,
which can contribute to galvanic corrosion [3]
A better alternative fuel that has gained traction as a fuel additive
is n-butanol (butanol). Butanol has a higher energy density than ethanol
and is more hydrophobic. The largest problem with using butanol in
place of ethanol is its availability [1]. Synthesis of butanol directly from
ethanol has been an arduous task that involves multiple intermediate
steps, which is economically not feasible [4]. Certain catalysts such as
hydroxyapatite (HAP) are currently under investigation and look
promising in terms of reducing the activation energy of the chemical
process. HAP dehydrates two molecules of ethanol to produce a molecule
butanol. This process is tedious and energy intensive as the reaction
occurs at a temperature of 450°C [5]. In addition, the catalyst produces
n-butanol with a maximum selectivity of 20%, requiring many
intermediate steps [5]. Hence, the need to investigate other methods to
produce butanol is necessary.

1.2

Biobutanol: Utilizing a bacteria’s metabolic pathway to produce
butanol

Studies into producing biobutanol, or n-butanol produced from a
biological source, are currently being heavily researched. Genetically
altered bacteria and yeast have been used to produce small
2

concentrations of butanol as a waste product in certain metabolic
pathways. For example, a genetically modified yeast Saccharomyces
cerevisiae has been used to make concentrations of 130 mg/L of butanol
[5].
A popular genus used to produce high amounts of butanol is
Clostridium. Bacteria of the Clostridium genus are a spore forming grampositive rod-shaped anaerobic microorganisms [7]. Many recombinant
bacteria that produce butanol use Clostridium DNA [7]. Unfortunately, a
major problem with these processes is that most recombinant yeast and
bacteria are intolerant of high concentrations of butanol and die at
economically feasible butanol concentrations [5].
Another drawback of manufacturing biobutanol is the operational
cost of growing the bacteria in a bioreactor. Glucose substrate, nutrients,
and environmental controls all play a part to grow the bacteria in a
bioreactor and can be very costly. Efforts to reduce the cost of substrate
arise from using plant base sources such as maize stover, agricultural
waste, and straw [4].
There are very few bacteria that can grow and reproduce without
the need for glucose. One such n-butanol producing species is
Clostridium pasteurianum, which produces butanol without the need to
metabolize glucose. C. pasteurianum has the capability to grow entirely
on glycerol, while producing biobutanol. Recent data reports the
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concentration of n-butanol produced reached 10.4g/L in a suspended
mother liquor [8].
As of 2019, biobutanol derived from microorganisms is not in
commercial production, but biobutanol from other biological sources is
being produced in the US. According to the US Department of Energy,
manufacturers extract butanol as a co-product with ethanol from corn
feedstock. However, isobutanol is extracted from corn sources instead of
n-butanol. The EPA has reported 12,000 gallons of biobutanol has
entered the commercial market in 2013. This number fell to zero in 2014
and 2015. However, in 2016, more than 125,000 gallons of biobutanol
was reported in the commercial market in the US [9].
In Europe, Green Biologics has developed a Clostridial strain of
bacteria that consumes lignocellulosic feedstocks to grow and produce nbutanol. They are working on purifying their product by means of
evaporation through a membrane or pervaporation [10]. In 2015, Green
Biologics purchased a bioethanol plant in Little Falls, Minnesota. In
2016, they began production of acetone and butanol from corn sources
[10]. Green Biologics speculate n-butanol produced from microbes being
present in gasoline in the next ten years [10].
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1.3

Glycerol and the biodiesel Industry: Motivation for using
Clostridium Pasteurianum

Glycerol is a major waste byproduct in biodiesel manufacturing.
For every 100 lbs. of biodiesel produced, 10% of crude glycerol is
generated as waste with no potential application [11]. Crude glycerol is a
byproduct of transesterified waste soybean, sunflower, and vegetable oil.
Crude glycerol contains glycerol, fatty acids, salts, methanol, potassium,
and sodium hydroxide [10].
Crude glycerol is an environmental and financial liability for
biodiesel manufacturers [12]. In 2009, the cost of refining crude glycerol
was $ 0.15 per pound, while the selling cost of crude glycerol itself is
$0.05 per pound [11]. The cost of refining glycerol along with shipping
and handling costs makes this option not economically feasible for the
biodiesel industry.
In biodiesel manufacturing, biodiesel and glycerol are produced by
transesterification and saponification. When triglycerides undergo
saponification, caustic soda (sodium hydroxide or sodium methanolate)
hydrolyzes the oils to produce fatty acid sodium or potassium salts. In
transesterification, triglycerides react with methanol under zinc oxide or
aluminum oxide catalysis to yield glycerol and a fatty acid ester [13].
After the reaction, the crude glycerol must be separated from the
biodiesel stream.
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Figure 1.1: (Top) Saponification reaction and (Bottom) Transesterification
reaction for glycerol production [13]. Drawn with ACD Labs ChemSketch
program

In transesterification of fatty acids, methanol passes through a
heat exchanger and is evaporated to be recycled. Then, a decanter
separates the polar crude glycerol from the non-polar fatty acids and
non-polar biodiesel and unreacted vegetable oil. The non-polar stream is
subsequently reacted and purified twice more [13]. Hydrolyzed biodiesel
separation is very similar to fatty ester separation. Biodiesel is purified
through a glycerol settling process. The biodiesel’s catalyst is removed
with mineral acid and water.
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For further crude glycerol refining, there are various methods to
yield a solution of >95% glycerol. The most common method involves
another saponification, (1:1 mole glycerol to HCl) acidification, and
organic petroleum ether extraction [14]. Other methods of refining crude
glycerol are currently being researched including supercritical fluid
esterification, where the glycerol can be easily separated without the
need of refining [13]
One alternative to convert glycerol into a valuable compound is by
oxidizing glycerol. Significant compounds that can be synthesized from
glycerol include glycol, propionic acid, acrylic acid, 1-propanol, 2propanol, acrolein, and allyl alcohol [14].
The biological conversion of glycerol is a promising alternative.
Research into bacteria of the genera Yarrowia, Candida, and Rhodotural
species have been linked to the production of citric acid, and various
lipids. Under anaerobic conditions, Clostridium pasteurianum can
produce butanol, ethanol, 1,3 propanediol, acetic acid, and butyric as
shown in Figure 1.2 [15]. Of these products, the two most valued are
butanol and 1,3 propanediol (1,3 PDO). Figure 1.2 also shows the
electron flow pathway for Clostridium pasteurianum.
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Figure 1.2: Metabolic pathway of Clostridium pasteurianum, where the
dashed lines represent electron flow from Venkataramanan et al: “Impact
of impurities in biodiesel-derived crude glycerol on the fermentation by
Clostridium pasteurianum ATCC 6013.” [15]

Though C. pasteurianum can metabolize glucose, it can also
survive and reproduce solely on glycerol as a feedstock. Besides, glucose
or glycerol as a feed, C. pasteurianum requires of K2HPO4, KH2PO4,
(NH4)2SO4, MgSO4/FeSO4, yeast extract, and trace metal elements to
sustain growth. Favorable initial pH and temperature conditions are from
5.5-7 and around 37 °C, respectively [15]. A requirement for biomass
production is NAD, which the bacteria can receive through glycerol
metabolism to 1,3 propanediol (1,3 PDO).
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The metabolic pathway that yields butanol generates 2 NADH2 and
2 ATP through a breakdown of glycerol to pyruvate. This process mimics
glycolysis in eukaryotic cells. Conversion of pyruvate to butanol requires
3 NADH2, resulting in a net loss of one NADH2 and a net gain of 1 NAD
and 2 ATP. Glycerol conversion to biomass requires NAD, so butanol
production favors biomass formation. During batch culture, the quicker
but less beneficial 1, 3 PDO pathway is utilized. Once the culture is
switched to being continuous culture, the 1, 3 PDO pathway shuts off
and butanol production is favored. In a continuous culture, the bacteria
focus on survival and ATP production. By shifting from a batch to a
continuous culture, 1, 3 PDO is diluted out and butanol production is
favored.
At the beginning of the growth phase, the culture’s pH drops, as
acetic acid and butyric acid are produced. This drop in pH triggers
butanol production. C. pasteurianum will then produce butanol until
concentration reaches the highest product concentration from 5-15 g/L
after a period of 20 days for a 25 g/L glycerol feed. In addition, butyric
acid, acetate, ethanol, and 1,3 PDO are produced in concentrations
below 1 g/L in this phase [16].
Occasionally during the growth phase, C. pasteurianum will form
spores, a survival mechanism, and will not metabolize glycerol or glucose
feed. Under aerobic conditions C. pasteurianum forms spores due to
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oxygen tension [17]. Spores also form when the pH and temperature are
unfavorable [16].

1.4

Lecithin Liposomes: An affordable alternative of extracting butanol
The main difficulty in producing butanol from a biologic source is

extracting the butanol from the supernatant. Since butanol is slightly
lipophilic and partially soluble in water, the separation, isolation and
quantitation of butanol from the mother liquor can be challenging.
Typically, a Liquid-Liquid Equilibrium curve, provides information on the
phase separation of water- butanol mixtures at various temperatures,
see Figure 1.3.
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Figure 1.3: Liquid-Liquid Equilibrium Curve of butanol in water [18]
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At room temperature or 293K, a fully saturated butanol-water
solution’s concentration is 63.1 g/L, while its mole fraction is 0.0164
[18]. This concentration is much higher than the concentration of
butanol produced from Clostridium pasteurianum. If the butanol could be
produced at this concentration there would be no need for a technical
separation process. Since butanol is less dense than water (ρ = 0.81
g/mL), at a high enough butanol concentration, butanol could be
extracted from the top of the reactor. In order obtain pure butanol,
butanol must be separated from the aqueous culture.
One way to extract butanol is by using liposomal carriers. In a
bioreactor, liposomes are safe to use because they contain a unillaminar
bilayer similar to bacteria. In fact, the hydrophobic bilayer region is
where the butanol molecules are most thermodynamically stable in the
liposomes. Liposomes are phospholipid bilayer vesicles that are micron
and sub-micron in size. Factors that must be considered when choosing
a suitable liposome carrier include the bulk cost of the phospholipid, the
ease of their preparation, and the partitioning of butanol into or the
liposomal carriers. The partitioning of butanol can be quantitatively
characterized by the partition coefficient, which will be discussed in a
later subsection.
In bulk processes, the cost of materials contributes to the
economic sustainability of a process. The major issue is the high cost of
pure diacyl phospholipids. The cost of 1,2-dioleoyl-sn-glycero-311

phosphocholine (DOPC) and 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) was more than $150/g (2019). Refined
phosphatidylcholine has an equally high cost. Processed soy
phosphatidylcholine (PC) (95%) (CAS: 97281-47-5), a common lipid used
to make liposomes, was $1,090.00/500 g [19]. A good alternative is
lecithin that is relatively inexpensive, L-alpha-lecithin, CAS: 8002-43-5.
The cost of soy lecithin containing choline, phospholipids, fatty acids, is
about $40 per 500g from TCI America [20]. When purchased in bulk, the
cost of lecithin would drop further.

1.4.1

Lecithin Theory: Where Lecithin comes from

‘Lecithin’ refers to a dehydrated product procured from
degumming crude vegetable oils. Most of the lecithin in the world is
derived from soybean oil. Where most phospholipid components in
soybean oil is a form of phosphatidylcholine (PC) [20]. Most nonphospholipid components are removed in the degumming process [21].
The degumming process consists of adding water to the soybean oil, and
then emulsifying the gums. The emulsified product is then centrifuged,
where the oil and water layers separate. After separating the oil of the
top, the gums can then be vacuum dried for gum collection. A thin film
evaporator can further dry the products to produce raw lecithin [21].

12

Figure 1.4: Process flow diagram of soybean oil degumming process from
Haraldsson’s paper “Degumming, Dewaxing and Refining” [21]

Soy bean lecithin or Soy-PC contains phospholipid and nonphospholipid components. Non-phospholipid components include sterols,
soybean oil, carotene, xanthophylls, lutein, sucrose, carbohydrates, and
various phosphatides [20]. All phospholipid components are shown in
Figure 1.5.
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1.4.2

Components of Raw Lecithin
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Figure 1.5: Phospholipids present in soy lecithin. R1, R2, R3 refers to arbitrary
fatty acids. Each molecule contains a polar phosphate head and at least two
fatty acid tails.

The phospholipid components of soybean oil lecithin consist of
various fatty acids that are acetone insoluble, which means acetone can
be used to wash out impurities in raw lecithin [20]. Of the different types
of PC, L-α-glycerylphosphorylcholine and L-α-phosphatidylcholine (L-αlecithin), can be easily separated out from the lecithin through alcohol
fractionation [21]. Other phospholipids, shown in Figure 1.5 found in
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lecithin include phosphatidyl ethanolamine, phosphatidyl Serine, NAcylphosphatidyl ethanolamine, phosphatidyl inositol, and finally
phosphatidic acid [20].
Pure L-α-lecithin was chosen as the lipid for this study to prepare
liposomes because of its low cost compared to other lipids. In addition, it
is the most common phospholipid found in soy lecithin [20].

1.4.3

Characteristics of Liposomes and Fabrication of Liposomes

Liposomes are micron size artificial vesicles formed from
phospholipids. Liposomes can be used to transport small molecules
either inside the inner cavity or within the lipid bilayer. In the case of
butanol, the molecule is thermodynamically stable within phospholipid’s
hydrophobic bilayer [22].

Figure 1.6: A liposome with a unilamellar lipid bilayer. The structure consists of
phospholipid heads facing the aqueous exterior and core, while the hydrophobic
carbon tails face inwards.
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Most lipids are stable in water and organic phases because of their
amphiphilic nature, having the ability to attract water and fatty
substances because of their hydrophilic head and hydrophobic carbon
tail. Therefore, they tend not to separate into two liquid phases. Instead,
they will self-assemble to form a vesicle like structure with the
phospholipid head ends facing outward, and with the hydrophobic fatty
acid tails facing each other [23]. The resulting, energetically favorable
structure is called a lipid bilayer. An artificial lipid bilayer that seals its
fatty acid tails from the aqueous medium in a sphere then forms a
structure known as a liposome as shown in Figure 1.6 [23].
The most common method of hydrating and preparing liposomes
with uniform diameter was developed by Lasic in 1988. In this method
the dry lipid film is hydrated and forms multilaminar liposomes. The
resulting vesicles are cut down in size and number of laminar lipid layers
through sonication and homogenization [23]. Figure 1.7 shows the
fabrication process occurring in a round bottom flask.
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Figure 1.7: The Fabrication of Small Unilamellar Vesicles from lipid materials
from Stephen Burgess’s article: “Liposome Preparation” [23].

By sonication, extrusion, and homogenization, the size of the
unilamellar vesicles can become uniformly distributed. The size of typical
small unilamellar vesicle (SUV) can range from 20 to 100 nm in diameter
[23]. DPPC is a phosphatidylcholine, like L-α-Lecithin, and its diameter
can be used as reference, and Dipalmitoylphosphatidylcholine (DPPC)
has an average diameter 343 nm [24]. The longer the liposomes are
sonicated, the more multilayer vesicles form SUVs with a uniform size
[23]. Since L-α-lecithin is a two tailed phosphatidylcholine, it can form a
bilayer and not a micelle. By sonication these lecithin vesicles, the size
and number of lamellar layers can be controlled to produce SUVs. SUVs
can theoretically absorb more butanol than large unilamellar vesicles
17

(LUVs) [25]. Considering SUVs have a smaller volume, more vesicles will
be present per unit volume, hence there is a larger membrane surface
are per unit volume than in LUVs. Since butanol is thermodynamically
stable in the hydrophobic layer between the lipid bilayer, there are
theoretically more hydrophobic regions in SUVs than in LUVs.

1.5

Separating Liposomes from Solution: Theory Behind
Centrifugation, Filtration, and Chromatography

After the liposomes have entrapped/absorbed molecules of
butanol, the butanol and liposomes must be separated from the aqueous
solution. Three most common ways to physically separate out the
liposomes from the aqueous layer are using a membrane, size-exclusion
chromatography, and centrifugation [28]. Membrane separation,
centrifugation, and size exclusion chromatography all use a different
method of separation and each have their strengths and weaknesses.
Two common types of membrane separation are dialysis and forced
membrane filtration. The most apparent drawback of dialysis is the time
it takes for the solution to reach equilibrium. Since dialysis is a diffusion
driven process, it relies on a concentration difference as a driving force.
With butanol solutions having a low concentration, the time it takes the
system to reach equilibrium can take days to occur. Additionally,
measuring concentrations over time can be tedious and inaccurate. With
forced membrane filtration, the liposome solution is forced through the
18

membrane and the liposomes are filtered out. Three common types of
liposome forced membrane techniques are syringe filtration, vacuum
filtration, and tangential flow filtration [26]. A drawback of membrane
filtration is membrane leakage, which occurs when liposomes leak either
through the membrane due to finding pores that are large enough to
pass through or breaking through the membranes. In this study, the
membrane leakage problem can be avoided by choosing a sturdy polymer
membrane with a lower pore size than the diameter of the liposomes. A
very high-pressure gradient may also lead liposome rupture and solute
and phospholipid leakage out of the liposomes and through the
membrane [26]. One way to avoid liposome rupture is by passing the
solution through membranes with a larger pore size in the first step and
subsequent smaller pore size membranes.
Size exclusion chromatography (SEC) involves liposomes being
instantly separated out first based on molecular weight. In SEC the
butanol-liposome solution is passed through the pores of a gel resin that
have a certain exclusion limit that instantly filter out molecules based on
molecular weight. Typical exclusion limits are 20 kDa, 10 kDa, and 5
kDa. Drawbacks with SEC include the amount of solutions and materials
needed to operate SEC. First the column must be kept wet constantly
using wash solution to prepare the resin, cleaning solution to collect the
liposomes, and regeneration solution to make the resin usable again.
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Problems with size exclusion chromatography are similar to membrane
filtration including solute and phospholipid leakage [26].
Centrifugation uses centrifugal and gravitation forces to pull
liposomes to the bottom of the solution either in a compacted form called
a pellet or as residue coating the bottom of the container. In industry,
centrifugation can occur continuously, and the equipment used is quite
compact and portable [26]. Drawbacks of using centrifugation include
the generation of heat, which can damage heat sensitive precipitates. In
the case of liposomes, this is not a problem, unless temperatures reach
40°C when liposomes will conform back to their phospholipids state. This
is an uncommon result in most centrifugation experiments.
The culmination of each separation method’s weaknesses has a
direct effect on the efficacy of separating the liposomes and the variability
in liposome separations between multiple trials. Each method is different
with variable disadvantages and is likely to give partition coefficient
values that may be precise but not very accurate. These drawbacks can
be minimized through care of sample preparation and using separation
techniques that combine these methods. For example, the use of a
centrifugal filter, ensures that no liposomes are a part of the filtrate,
while it takes a much shorter time than dialysis. In addition, the
liposome concentrated centrifugate can be retained as well, which is not
possible when using disposable filters. In addition, selection of the best
equipment, media, and membrane for separation is also important. A
20

commonly used resin for soy lecithin extraction is Sephadex gel [27].
Sephadex gels and prepacked spin columns sold by GE Healthcare can
be purchased with an exclusion limit, Mf, of 500-30,000 Da. Typically,
the heavy liposomes with butanol elute out the column first, while the
lighter butanol filtrate elutes later. Size exclusion chromatography is a
way to physically separate the butanol from the liposomes in a gel media.
Another separation technique utilizes cellulose centrifugal filters, which
have a MWCO between 5 – 50 kDa. A MWCO of 10 kDa was chosen to
ensure the smallest liposomes that could form would be filtered out.

1.6

The Partition Coefficient: Motivation for finding the LiposomeWater Partition Coefficient for n-butanol

Partition coefficient theories and measurements go back to the late
1800s, where equilibria between a solute in an organic and water phase
were investigated by Berthelot in 1871 and later formed the basis for the
Nernst distribution law in 1891 [28]. The Nernst Distribution law, shown
in Equation 1, was the first concrete method of measuring the partition
coefficient at a constant temperature.

𝐾𝑝 =

𝐶1
𝐶2

[1]

In Equation 1, C is concentration and the subscripts 1 and 2 are
two different phases in which the solute is present [28]. Though the term
K can be a function of temperature, ionic strength, pH, and
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concentration, it is generally a unitless term [26]. Selectivity (α)
characterizes the effectiveness of one extraction method over another
through a ratio of partition coefficients. In the case

𝛼1,2 =

𝐾𝑝,1
𝐾𝑝,2

[2]

The partition coefficient is also a direct indication of the free energy
of the molecule in solution, ∆𝐺, the activity of the solute in its phase γI,
and the surface area of the sphere.
∆𝐺 = 4𝜋𝑟 2 (𝛾1 − 𝛾2 ) = −𝑅𝑇𝑙𝑛(𝐾𝑝 )

[3]

In 1971, Leo and Hansch standardized the partition coefficient by
defining the base ten log of the partition coefficient, or log(P), as a
distribution between an octanol phase and a water phase and measured
and reported the partition coefficients for 5806 solutes [28]. A negative
number of Kp indicates the solute is hydrophilic, while a positive number
indicates a lipophilic solute. If log(P) equals zero, the solute would have
an equal affinity for both phases. In partition coefficient studies reporting
the log(P) is usually not reported, because most liposomes made of
phospholipids have Kp values within the same order of magnitude.
Otherwise, characterizing solubility with log(P) is convenient because the
partition coefficient is a sensitive number relative to the percent of
solute. The partition coefficient that is less than unity indicates the
solute is hydrophilic, a value greater than unity indicates a lipophilic
solute, and a value of unity indicates equality. The coefficient can never
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be equal to or less than zero. Leo and Hansch’s method may not be
suitable to measure the partition coefficient of small molecular weight
alcohols in lipid bilayers, but the theory is viable. Octanol and water are
immiscible, so finding the concentration of solute in each phase is
simple. If the volumes of each phase are equal and the samples of solute
in each phase can be found, the octanol-water partition coefficient can be
found . For butanol, the reported octanol-water coefficient, log(Kp), is
0.88 at 25 °C [29]. Since the log(Kp) is less than 1, butanol is more
soluble in water than it is in octanol.
The difference between the liposome-water partition coefficient and
the octanol-water partition coefficient is how they are experimentally
found. With the octanol-water Kp, octanol and water exist separate in two
phases, so the concentration in each phase can be found. Using the
concentrations Kp can be calculated using Equation 1. The liposomewater Kp requires the liposome phase to be physically separated from the
water phase in order to find the partition coefficient. The partition
coefficient still follows the Nernst distribution law, but the partial
volumes of each phase will have to be calculated. Separation methods
such as centrifugation separate the liposomal phase in the form of a
pellet. The formation of a pellet can be thought of as a separate layer
from the purified water layer.
In order to determine the partition coefficient, both the
concentration of butanol in the liposome phase and the concentration in
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the aqueous phase must be measured. The concentration of butanol in
the liposomes can be calculated from a mole balance. The parameters
needed for this mole balance are known volumes and concentrations of
liposomes and butanol in the filtrate and before the solution was filtered
out. In addition, the volume of liposomes added to solution must be
noted. The steps to deriving the equation that relates the partition
coefficient to the mole balance, which relies on the conservation of total
moles of butanol.
1.

Moles of butanol (ntotal) is conserved:

moles before separation = moles in liposomes (lip) + moles in H2O (w)
[4]

𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑙𝑖𝑝 + 𝑛𝑤
2.

Concentration (g/L) depends on molecular weight, number of

moles, and volume:
𝑔

𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 ( 𝐿 ) =

3.

𝑚𝑎𝑠𝑠𝑏𝑢𝑡
𝑉𝑡𝑜𝑡𝑎𝑙

=

𝑀𝑊𝑏𝑢𝑡 ∗𝑛𝑡𝑜𝑡𝑎𝑙
𝑉𝑡𝑜𝑡𝑎𝑙

= 𝑢𝑛𝑖𝑡𝑠 [

𝐿

]=

𝑔

[5]

𝐿

Solving for moles:

𝑛𝑡𝑜𝑡𝑎𝑙 =

𝑉𝑡𝑜𝑡𝑎𝑙 ∗𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡

[6]

𝑀𝑊𝑏𝑢𝑡

With equations for other phases 𝑛𝑓 =
4.

𝑔
∗𝑚𝑜𝑙
𝑚𝑜𝑙

𝑉𝑤 ∗𝐶𝑏𝑢𝑡,𝑤
𝑀𝑊𝑏𝑢𝑡

, 𝑛𝑙𝑖𝑝 =

𝑉𝑙𝑖𝑝 ∗𝐶𝑏𝑢𝑡,𝑙𝑖𝑝
𝑀𝑊𝑏𝑢𝑡

Rearranging balance equation and canceling out the

molecular weight of butanol yields:

𝑉𝑡𝑜𝑡𝑎𝑙 ∗ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 = 𝑉𝑤 ∗ 𝐶𝑏𝑢𝑡,𝑤 + 𝑉𝑙𝑖𝑝 ∗ 𝐶𝑏𝑢𝑡,𝑙𝑖𝑝
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[7]

𝐾𝑝 =
5.

𝐶𝑏𝑢𝑡, 𝑙𝑖𝑝
𝐶𝑏𝑢𝑡, 𝑤

𝐶𝑜𝑟𝑔𝑎𝑛𝑖𝑐
𝐶𝑎𝑞𝑢𝑒𝑜𝑢𝑠

=

𝐶𝑝ℎ𝑎𝑠𝑒 1

[8]

𝐶𝑝ℎ𝑎𝑠𝑒 2

Relating the mole balance to the partition coefficient.

𝐾𝑝 =
6.

=

𝑉𝑡𝑜𝑡𝑎𝑙 ∗𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝑉𝑤 ∗𝐶 𝑏𝑢𝑡,𝑤

[9]

𝐶𝑏𝑢𝑡, 𝑤 ∗𝑉𝑙𝑖𝑝

Assuming the volumes of water and liposome phases are
equal (Vlip = Vw), the partition coefficient can be written in terms
of mole fraction xbut,lip and xbut,w [24].
𝐾𝑝 =

𝐶𝑏𝑢𝑡,𝑙𝑖𝑝
𝐶𝑏𝑢𝑡,𝑤

=

𝑛𝑏𝑢𝑡,𝑙𝑖𝑝
𝑉𝑙𝑖𝑝
𝑛𝑏𝑢𝑡,𝑤
𝑉𝑤

=

𝑛𝑏𝑢𝑡,𝑙𝑖𝑝
𝑛𝑏𝑢𝑡,𝑤

=

𝑛𝑏𝑢𝑡,𝑙𝑖𝑝
𝑛𝑏𝑢𝑡,𝑙𝑖𝑝 +𝑛𝑏𝑢𝑡,𝑤
𝑛𝑏𝑢𝑡,𝑤
𝑛𝑏𝑢𝑡,𝑙𝑖𝑝 +𝑛𝑏𝑢𝑡,𝑤

=

𝑥𝑏𝑢𝑡,𝑙𝑖𝑝
𝑥𝑏𝑢𝑡,𝑤

[10]

The numerator and denominator of Equation 9 equates to the
numerator and denominator of the Nernst Distribution Law in Equation
1. Equation 9 was used to determine the partition coefficients in the
Results and Discussion Section 3.5. A sample calculation of Kp is
available in the Appendix Section E, which includes how Vlip was
calculated. Equation 10 relates the Nernst Distribution Law to a ratio
mole fraction of butanol in each phase, which is used in other liposome
partition coefficient studies [24].

1.7

Common Methods to find the Liposomal Partition Coefficient
After butanol has been filtered, centrifuged, or washed through a

gel column, the concentration of the filtrate must be measured in order
to find the partition coefficients. Common analytical methods include
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High-Performance Liquid Chromatography and Differential Scanning
Calorimetry.
When performing differential scanning calorimetry, the
pretransition temperature Tp, melting enthalpy ΔHm, and melting
temperature Tm need to be determined for the phospholipid to find the
partition coefficient [23].
In order to use High Pressure Liquid Chromatography (HPLC),
liposomes need to be physically extracted from the aqueous solution or
they could clog the column. From a linear equation yielded from a
butanol calibration curve, the concentration of butanol outside the
liposomes can be estimated. Using the butanol concentration outside the
liposomes and before separation, Kp can be found using Equation 9.
In a similar way, fermentative components can be quantitatively
measured using HPLC. Similar to liposomes, bacterial cells must be
centrifuged down and filtered. Concentrations of each product can be
found by integrating the peak height at certain elution times with the use
of a calibration curve for each product.
A major issue with using HPLC is that if liposomes leak through a
membrane, they can clog the column completely and can ruin a
completely functional column. In addition, utilizing 0.5 mM H2SO4 as a
solvent can corrode the inlet and outlet of the HPLC pump [23]. Due to
the lack of a DSC and risks of using HPLC to analyze butanol
concentrations in the supernatant/filtrate, on the other hand
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quantitative Nuclear Magnetic Resonance Spectroscopy, qNMR, was
chosen.

1.8

NMR spectroscopy and qNMR

Nuclear Magnetic Resonance Spectroscopy (NMR spectroscopy) is
an analytical technique that is used to identify unknown organic
molecules in a sample by measuring an atomic nuclei’s surrounding
magnetic field and can also be used to determine the purity of a sample
[30]. In NMR spectroscopy, the interaction of electromagnetic radiation,
probing spin states of the atomic nuclei induced by a magnetic field can
be studied. Each compound generates a signal in the form of a free
induction decay or FID [30]. The signal is digitized, Fourier Transformed,
and processed to yield a NMR spectrum. The most common atoms
analyzed using one-dimensional NMR spectroscopy are proton and
carbon, since the information collected for these nuclei are crucial to
understand organic compounds. This study will only use proton NMR.
With proton NMR or H-NMR, a structure can be identified through
identification of peak positioning (chemical shift), J-coupling, and using
the integral area of peak groups representing one type of hydrogens to
find the number of protons. This allows for the identification of
functional groups, specific substructures, and after complete analysis
the molecular formula [30]. Though structure determination is
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important, this study focuses on using NMR spectroscopy for component
quantification (qNMR).
To quantify components in a solution, the integral area under each
of the compound’s peaks are collected relative to a reference peak.
Taking each peak and dividing it by the number of associated protons
will yield the same exact integral area under the peak for a properly
measured and processed spectrum. Scaling the peak area to the known
concentrations of the reference peak will then yield the concentration of
the sample under study. There are multiple factors that comprise the
accuracy of the measurement. The Varian 500 MHz INOVA NMR
spectrometer, that was used in this study, quantified concentrations with
a guess accuracy of 10% based on defined butanol integral areas set by
the user to obtain reasonable concentration values based on defined
peaks from Vnmrj 4.2 based quantification software and an internal
standard [31] [32]. This deviation becomes more apparent, the more
components are present in the NMR solution.

1.8.1

Proton (PRESAT) NMR Experiments

Typically, NMR spectra are recorded in deuterated solvents. This is
due to the fact that receivers have only a limited range. A typical NMR
receiver can distinguish signals from 1 to 214 . If solvents are protonated
this dynamic range is not sufficient to describe the “interesting” signals
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of the sample. Butanol and other products extracted from the bioreactor
exist in an aqueous medium (H2O). The following media is then separated
through centrifugation and filtration, and a fraction of the products still
exist in aqueous media. Separation through chromatography, and or
distillation is not possible, thus butanol in water (H2O) is used. When
running a typical proton spectrum on aqueous samples, a large water
peak will dominate the spectra, and diminishes target peaks. Diminished
target peaks will result in less accurate concentration values. When
running qNMR, compounds that are to be identified are dissolved in
100% deuterated solvents such as D2O or Chloroform-D to ensure an
adequate lock and to minimize solvent peaks. Alternative approaches
have to be taken, if deuterated solvents cannot be used. Adding a volume
percentage of D2O, to achieve “lock” and suppressing the large water
peak using spectroscopic features, allow to determine the butanol peaks.
One way to suppress a large solvent peak is to apply a lower
power radio pulse before the pulse sequence. This technique of solvent
suppression is referred to as ‘presaturation’ [32]. When running HNMR
spectroscopy with a presaturation delay, it is common to automatically
and iteratively tune the low power radio frequency (rf) pulse (satfrq) to
minimize the large solvent peak [32]. Improper adjustment of the satfrq
results in a distorted spectrum. The resulting spectrum will yield ideally
a very low solvent peak and clear product peaks.
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For this experiment, sample solutions consisted of 20% D2O, which
yielded a decent lock signal, a small water peak, and quantifiable butanol
peaks. In terms of volume, for a 5 – mm tube, 750 μL of total sample
solution is the recommended amount. Sample volumes less than 750 μL
will require positioning of the sample in the sample depth gauge with
equal volumes around the gauge’s coil limits. If the NMR tube is not
positioned within the positioning gauge, gradient shimming will take a
much longer time than usual, or the sample will not complete gradient
shimming [30].

1.8.2

Pulse Sequence and Parameters in H (PRESAT) NMR

To generate usable spectra in a presaturation H-NMR experiment,
parameters for a pulse sequence must be tuned to acquire the clearest
possible spectra. All of acquisition parameters amount to what is known
as a pulse sequence, which holds all the delay and radiofrequency (rf)
signal information for an NMR experiment [32]. Acquisition parameters
are shown in the Experimental Material and Methods Section 2.6.
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Figure 1.8: A graphical representation of a NMR pulse sequence with a
presaturation delay from Vnmrj 4.2 software. Pulses are represented as
rectangular boxes numbers represent length of pulses and delays, given in
microseconds , milliseconds and seconds, see color coding. The number above
the fid symbol represents acquisition time

The quality of a spectral data is determined by their signal/noise
ratio (SNR). The absolute minimum SNR for qualitative studies is 3:1, for
quantitative purposes, however, a minimum of 10:1 has to be achieved.
Depending on the concentration of the sample adjustments for the
acquisition parameters need to be made. Acquisition parameters, in
Vnmrj 4.2 software, fall into four categories: data, excitation, scans, and
receiver gain [32]]. ‘Data’ parameters refer strictly with signal acquisition,
while excitation parameters refer to sending out the initial pulse signal,
receiver gain on the other hand needs to be adjusted according to sample
concentration, so that the full signal can be converted in the Analog-toDigital-Converter (ADC) with the limit of 14 bit, as mentioned above.
With data related parameters, and the spectrum width and acquisition
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time can be changed. The spectral width correlates to the chemical shift
of each spectra, while the acquisition time relates to the total time
window the proton’s free induction delay (FID) are acquired [32]. On the
other hand, excitation parameters include the time of the first magnetic
pulse, any inter-pulse delay, and relaxation delay [30]. The relaxation
delay refers to the amount of time between pulses that net magnetization
can reach equilibrium [32].
Before any sample can be run, the number of scans or experiment
repetitions performed must be specified [32]. The higher the number of
scans, the better the SNR. The drawback to increasing the number of
scans is the time to perform each experiment increases, which can lead
to very long runs.
The final acquisition parameter is the receiver gain, which dictates
the amount of signal from the sample the receiver collects [32]. A low
gain can lead to low peak sensitivity and unclear data. This can be a
problem when dealing with mixtures with many components. A high gain
can cause ADC overflow and a distorted baseline.
There are many other non-acquisition related parameters, but
notable parameters to mention include temperature regulation, tuning,
and matching [32].
While running samples for a period of time, the magnetic field of
the superconducting magnet undergoes a field drift during data
collection. In order to correct for this, the NMR locks typically onto the
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deuterated solvent signal and corrects it using a feedback circuit [32].
Without this lock signal, peaks would shift during the measurement. For
the deuterium frequency, the NMR probe contains an additional
transmitter coil that detects the intensity of the absorption signal and
corrects during the measurement changes in field by changing
parameters in additional coils surrounding the probe [32]. These
corrections are done on the z0 shim [32]. This can be thought of as a
separate NMR spectrometer that ensures a peak appears at the correct
and constant chemical shift by constantly collecting data [32]
The other important variable is the z-axis gradient shim, where
shim coils create small magnetic fields around the NMR sample to
measure homogeneity in the sample and correct for it [32]. This is
necessary, since each sample introduces inhomogeneities into the
sample compartment. Shims are optimized to minimize linewidth,
maximize the lock signal, and maximizing the intensity of the FID [32].
Crucial for quantification is the proper processing of the spectra.
When trying to quantify peaks, a straight and horizontal baseline with
symmetrical peaks is needed. The automatic baseline correction uses fits
of a spline or 2nd to 20th order polynomial function to the baseline in
order to make the non-peak area flat and horizontal [32].
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Figure 1.9: Pre-Acquisition Delay in Pulse Sequence

This delay necessary not to overwhelm the receiver, leads to a
signal distortion; in the spectrum visible as a low frequency component,
moving baseline, and phase errors
Drift correction is necessary in order to compensate for a time
delay that is unavoidable when switching from pulse to acquisition mode.
A proper drift correction ensures that each peak is symmetrical and
avoids low frequency components in data [32].

1.9

Thesis Statement

This study aims to investigate if butanol concentrations from a
Clostridium pasteurianum fermentative bioreactor can be determined by
quantitative NMR spectroscopy. Additionally, the partition coefficient of
n-butanol in L-α-lecithin liposomes and water will be determined through
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quantitative NMR Spectroscopy. L-α-lecithin was chosen because of its
low cost and ease of preparing liposomes. The butanol concentrations
from a Clostridium pasteurianum bioreactor will be measured using a
qNMR spectroscopy method and compared to concentration data
obtained by HPLC. Finally, using the partition coefficient, the efficiency of
a butanol extraction system that utilizes a separation method such as a
hollow fiber mPES membrane within a 500 mL chemostat will be
theorized. A dialysis method will not be studied because it is not a
feasible tool in industry as it is dependent on the slow diffusion of
butanol across synthetic membranes which yields unreliable results in
large bulk solutions.
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CHAPTER II

MATERIALS AND METHODS

2.1

Overview of General Procedure

The main objective of this work was to determine the butanol
concentration in fermentation broths of C. pasteurianum by quantitative
NMR methods. Quantitative NMR data was compared to those obtained
by HPLC. Methods were developed to determine butanol concentrations
in extractive fermentations using liposomes to separate the target
compound butanol. From this data, the partition coefficient for butanol
in liposome and water phases was determined. A butanol-water
calibration curve was obtained using qNMR to validate the precision of
the
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method. Then, a butanol- water-liposome calibration curve was
obtained to determine if butanol inside the liposomes could be detected
using qNMR methods. L-α-lecithin liposomes were fabricated in a method
similar to the ‘Lasic Method’ mentioned in Section 1.4.3. Liposomes were
then separated from solution, through centrifugation, centrifugal
filtration, Sephadex spin columns, or filtration. The concentration of
butanol in the filtrate was measured using qNMR. Finally, the partition
coefficient was calculated from volume and concentration values.
The second objective was to measure and validate the butanol
concentration and production trends from a bioreactor. Clostridium
pasteurianum was used to produce butanol from a continuously stirred
tank bioreactor (CSTR). The results of this study will only pertain to the
quantification using NMR. Procedure and details about the preparation
and operation of the bioreactor will be presented in the form of a short
summary and data tables in the Appendix Section C because it was not
the focus of this study. Two CSTR bioreactor experiments were performed
and butanol concentrations were determined by qNMR. The bioreactor
was operated at different flow rates (0.6, 1.0, 1.5, and 2.0 mL/min),
thereby setting different dilution factors. The primary method of
determining bioreactor product composition and concentrations was
HPLC with a Varian HPLC ProStar pump with a Bio-Rad Aminex HPX87H Ion Exclusion Organic Acid Analysis Column with a 0.05 M H2SO4
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mobile phase. Quantitative NMR spectroscopy analysis was performed
using a 500 MHz Varian INOVA Spectrometer and Vnmrj 4.2 software.
NMR samples were diluted with 20% D2O solution containing 4,4dimethyl-4-silapentane-1-sulfonic acid or DSS as a standard.

2.2

Preparation of L-α-Lecithin Liposomes

Liposomes were prepared and stored as a stock solution at a
concentration of 25 g of lecithin /L total stock solution. A new 60 mL
liposome stock solution was prepared each month to retain constant
liposome properties such as stability and size. L-α-Lecithin, CAS: 800243-5, was purchased from ACROS Organics. Figure 2.1 shows the
general structure of the phospholipid. Table 2.1 lists the physical
properties of this lipid.
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Figure 2.1: L-α-Lecithin structure, showing polar head group in the red circle
the lipophilic fatty acid tails (blue).

Table 2.1: L-α-Lecithin Physical Properties and Product Details [20]

Name

L-α-Lecithin

CAS

8002-43-5

Molecular Formula

C42H80NO8P

Synonym
Components

L-α-phosphatidylcholine, 3-snphosphatidylcholine, 1,2-diacyl-sn-glycero3-phosphocholine
99.5% pure

water

1% max. water

solubility

0.1% max.
Insoluble Matter (in toluene)
758.075

Molecular Weight
(g/mol)
Density

1.0305

Color

Tan or Yellow

Texture

Granules
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Figure 2.2: The general liposome fabrication process from bench scale. Figure
from Stephen Burgess’s article: “Liposome Preparation.” [23].

Figure 2.2 shows the preparation of liposomes. First, 1.5 grams of
L-α-Lecithin yellow granules were weighed into a 500 mL round bottom
flask. The granules were completely dissolved in 80 mL of chloroform.
The solvent was evaporated to form a uniform thin film of lecithin on the
inside of the 500 mL flask. The process of forming a lipid film was
optimized. If a higher volume of chloroform was used, the time of
evaporation increased. If less solvent was used, a thicker, non-uniform
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thin film layer was formed. Subsequently, the time to sonicate the thin
film layer would increase.
After the lecithin dissolved, the solvent was evaporated using a
Labconco rotary evaporator fitted with a coiled condenser column with a
solvent collection round bottom flask. The aspirator was turned on and
the pressure in the flask decreased. Before all the solvent is removed, the
thinness of the lipid layer was controlled by slightly increasing the rotary
speed. The flask was not rotated at a high speed as the film would move
to the top of the flask, which made hydration difficult.
Once the solvent was removed completely, the lipids were dried
under a blanket of N2 or Ar in the flask for 10-15 mins.

Figure 2.3: A thin film layer of L-α-Lecithin.
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To form liposomes, the dry thin film layer was hydrated with
deionized (DI) water. First, 60 mL of ultrapure DI water was measured
with a graduated cylinder. Next, 1.45 mL of water was pipetted out, as
this equates to the volume of the lecithin film. The 58.55 mL of DI water
was added to the round bottom flask and the lipid layer began to
hydrate.
The addition of an organic solvent to form a thin layer of lipids
creates a uniform surface area for hydration when exposed to water.
When more lipids are exposed to water during sonication, the overall
time to form liposomes shortens. Additionally, a thin film layer would
allow that more lipids to form liposomes and not aggregate into a lipidrich mass. The flask was sealed with a stopper and placed in a water
bath sonicator at room temperature. The lipid layer dissolved under
sonication, and a milky white solution appeared. The solution was
sonicated until the entire lipid layer dissolved and then for another 30
minutes to create small unillaminar vesicles (SUVs). After sonication, the
60 mL liposome solution was transferred to a 100 mL glass storage
bottle. Liposomes were stored at 2-6 °C, and vortexed at 2500 rpm for 10
seconds before use in each experiment.
The optimal concentration of liposomes in the stock solution was
determined to be 25 g/L. At this concentration liposomes did not
conglomerate. When the liposomes concentration was increased to above
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30 g/L, the lipids formed clumps that were heterogeneous in size. A
solution with liposome clumps is shown in Figure 2.4. If the lipid film
was thick, some small heterogeneous clumps formed initially. These
clumps took from 5 to 30 minutes to dissolve completely by sonication or
vortex mixing at 2000 rpm.
Another method to prepare liposomes is to add ultrapure DI water
directly to a known weight of lecithin. The aqueous suspension is then
heated to 40 °C and sonicated. This process may appear simple and
rapid, but the main drawback to this method is a lack of control over the
liposome size and uniformity, and concentration of lipid in the final
aqueous solution due to evaporation of water during heating.

Figure 2.4: Liposomes conglomerated around lipids at the bottom of
the round bottom flask.
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2.3

Preparing n-Butanol-Water and Butanol-Water-Liposome
Solutions

Butanol-water solutions were prepared through a serial dilution. A
solution of the highest concentration of n-butanol in water was prepared
from a butanol stock source of ACROS Organic at 99.5% purity of nbutanol. Solutions of the following concentrations were prepared: 8, 4, 2,
1, 0.5, 0.25, and 0.05 g/L.
Butanol-water-liposome solutions were prepared to determine if the
butanol could be detected inside the liposomes through qNMR methods.
In addition, butanol-liposome solutions were prepared for centrifugation
and filtration experiments. Butanol-Liposome solutions were prepared
differently than butanol-water solutions. The concentration of liposomes
selected was 2 g/L, and this concentration was dilute enough to prevent
the liposomes from coagulating, and high enough to have an
approximately 1:1 molar ratio with butanol at 0.25 g/L. The liposome
concentration of 2 g/L was constant throughout all experiments and
adequate to conserve the liposomal mixture for multiple experiments.
Table 2.2 shows the concentrations of butanol and liposomes in the
solutions, and their molar ratio. Table 2.3 contains partial volumes of
each component used.
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Table 2.2: Molar Ratio of Butanol to Liposomes

Concentration
of Butanol
(g/L)

Concentration
of Liposomes
(g/L)

8
4
2
1
0.5
0.25
0.1
0.05

Moles of Butanol
per Mole of
Liposomes
40.92
20.46
10.23
5.11
2.56
1.28
0.51
0.26

2
2
2
2
2
2
2
2

Table 2.3: Volumes and Concentrations of Butanol-Liposome
Solutions
n-Butanol
Stock
Concentration
(g/L)

Concentratio
n of
Liposomes
(g/L)

Partial
Volume
of
Butanol
(μL)

Total
Volume
(μL)

Final Butanol
Concentration
(g/L)

10

5000

8

2

4000

400

600

10

5000

4

2

2000

400

2600

10

5000

2

2

1000

400

3600

10

5000

1

2

500

400

4100

1

5000

0.5

2

2500

400

2100

1

5000

0.25

2

1250

400

3350

1

5000

0.1

2

500

400

4100

1

5000

0.05

2

250

400

4350
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Partial
Volume of
Liposomes
Solution
(μL)

Partial
Volume of
Water
(μL)

2.4

Liposome Separation Protocol
2.4.1

Centrifugation

An Eppendorf Minispin 5452 centrifuge was used to separate
liposomes, see Figure 2.5.

Figure 2.5: Eppendorf Minispin 5452 centrifuge

A volume of 2 mL of Butanol-Liposome solution was centrifuged at
10,000 RPM for 15 min, and the supernatant was removed from the
pellet. 1.5 mL of this supernatant was centrifuged again at 10,000 RPM
for 10 mins to remove another smaller pellet. Finally, 1 mL of
supernatant was pipetted into another centrifugal tube and centrifuged
again for 5 min to ensure that no lipid pellet formed. Then 0.6 mL of the
supernatant was pipetted out and saved for quantitative NMR analysis.
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2.4.2

Centrifugation Filters

Figure 2.6: Amicon 2 mL Centrifugal Filter Devices. The filter
device to the left is set up to collect filtrate. The right device is set up
to collect concentrate [33]

To ensure the precipitate was separated from the supernatant, the
use of centrifugal filters was investigated. The Amicon Ultra-2 Centrifugal
Filters shown in Figure 2.6 had a 10 kDa molecular weight cut off
(MWCO). These filters are made from regenerated cellulose and provided
physical separation of the centrifugate and the filtrate. These devices also
contain trace amounts of glycerine [33]. According to the user manual,
the filter is chemically compatible with n-butanol solutions that are <
70% in concentration, which is well above the butanol concentrations of
this study [33]. The centrifuge was a Fischer Scientific Model 225 shown
in Figure 2.7.
For this separation, 2 mL of butanol-liposome solution was pipetted
into the filter device. Then the device was set up similar to the tube
shown on the left of Figure 2.6. The filter device to the left consists of a
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collection tube at the bottom, concentration tube on the top, and filter
device in the middle. The devices were loaded into the centrifuge and
centrifuged for 45 minutes at 7500 RPM. Next, the filtrate collection tube
was removed, the device was flipped upside down as shown in the device
to the right in Figure 2.6.

Figure 2.7: Fischer Scientific Model 225 Centrifuge

2.4.3

Syringe PVDF Membrane Filter Devices

Syringe filtration is a manual pressure driven filtration system.
Filters were attached to the end of a luer-lok syringe tip. The filter
consisted of a disposable 3 mL BD syringe and 13 mm diameter filter
with 0.45, 0.20, and 0.1 μm pore sizes.
A 2.5 mL butanol-liposome-water solution was filtered through the
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0.45 μm, 0.20 μm, and then 0.1 μm MilliporeSigma PVDF membrane
filters. If the syringe was reused, the syringe was rinsed 3 times with
deionized water. A filtrate volume of 0.6 μm filtrate was collected for NMR
analysis.

2.4.4

Sephadex G-25 Spin Columns

Figure 2.8: Sephadex Spin Columns Apparatus

Sephadex G-25 is a size-exclusion chromatography resin media
with an exclusion limit, Mf, of 5 kDa and a gel bead diameter of 50-150
μm. Sephadex PD SpinTrap G-25 gel spin columns utilize centrifugal
force to flow solutions through a packed bed of gel resin and separate the
liposomes layer from the filtrate. An advantage of using spin columns
over PVDF and cellulose centrifugal filters is that the solution travels a
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larger path through microbeads in gel medium and species separate out
into bands based on weight. A drawback to using spin columns is that
the volume eluted is between 100-150 μL. qNMR analysis requires 600
μL of sample to be measured, so the filtrate was diluted for NMR
analysis. Sephadex G-25 spin columns were obtained from GE Life
Sciences. The Eppendorf Minispin 5452 as shown in Figure 2.5 was used
to spin the columns.
The spin column was vortexed to uniformly suspend the resin
medium in the storage solvent, prior to use. The cap was loosened to
relieve pressure at the top of the column, and the plastic closure on the
bottom was twisted off. The column was attached to a collection tube and
the storage solution was removed by centrifuging for 75 seconds at 3800
RPM.
Next, the storage solution in the collection tube was removed and a
new centrifugal tube was reattached. In order bring the column to an
equilibrium, the column was washed five times with 400 μL of the
butanol solution with a butanol concentration similar to the butanol
concentration in the butanol-liposome-water solution. The column was
capped loosely and centrifuged for 75 seconds at 3800 RPM. The solution
was discarded, and the tube was reattached. The column was washed 4
more times.
After the column was brought to equilibrium, 140 μL of butanol-
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liposome-water solution of known concentration was added to the top of
the Sephadex media in the column. The sample was centrifuged for 2
minutes at 3800 RPM. Finally, 100 μL of filtrate was taken and stored for
NMR use. 500 μL of deionized water was added to the sample to bring
the sample volume to 0.6 mL.

2.5

NMR Spectroscopy Sample Preparation

Before each experiment, a sample of stock concentration of butanol
was quantified using qNMR, to validate the initial concentrations before
separation.
Samples for NMR analysis were prepared with 600 μL of analyte
that was collected and 150 μL of 4.99 mM or 4.93 mM of 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS) and 0.5% Sodium Azide (NaN3) in D2O.
Sodium Azide was used as a biocide to prevent any microbial growth in
solution. DSS shows a distinct singlet at 0.00 ppm from nine protons
attached to three methyl groups. The molecular structure of DSS and
corresponding HNMR spectrum are shown in Figure 2.9.
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2

1

3

4 at 3.431
ppm

3 at 1.944
ppm

2 at 0.32
ppm

1 at 0.03
ppm

Figure 2.9: Structure of DSS and corresponding H-NMR
spectrum. Figure made using molview software and spectrum from
nmrdb.com
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Thus 750 μL of solution was obtained, which is sufficient volume to
run a qNMR experiment without any receiver gain overflow errors. This
solution contains 20% DSS standard solution or a concentration of 0.99
mM of DSS.
When directly transferring components of the NMR sample to an
NMR tube, liquids will tend to stick to the walls of the NMR tubes, which
would yield inaccurate concentrations. In order to ensure accuracy in
concentration measurements, solutions were prepared and mixed in a
1.5 mL Eppendorf centrifugal tube.
After the samples were prepared the samples were transferred to
the DeuterotubeTM 5 mm inner diameter, 5.43 mm outer diameter, 203
mm in length NMR tubes using a glass Pasteur pipette. Most samples
followed a labelling structure for quick NMR spectrum identification.
Table 2.4 explains the labeling scheme for NMR samples for each
separation method and for reactor samples.
Table 2.4: Sample Labels Structure

Sample

Example

Sephadex

"LV_2B2L_v2S"

Centrifugation

"LV_2B2L_v2C"

Centrifugal
Filters

"LV_2B2L_v2CF"

Filtration
Reactor
Samples

"LV_2B2L_v2FFF"
"LV_JRT1"

First
User
Initials
User
Initials

Second
Butanol and Liposome
Concentration in g/L
Butanol and Liposome
Concentration in g/L

User
Initials
User
Initials
User
Initials

Butanol and Liposome
Concentration in g/L
Butanol and Liposome
Concentration in g/L
Reactor date and time
taken in hours
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Third
Trial and
Sephadex
Trial and
Centrifugation
Trial and
Centrifugal
Filters
Trial and 3x
Filtration
N/A

2.6

Performing an NMR Spectroscopy Experiment

A 500 MHz Varian INOVA Nuclear Magnetic Resonance
Spectrometer was used with Vnmrj software for qNMR experiments.
Table 2.5 shows the NMR spectrometer’s hardware
specifications.
Table 2.5: Hardware Specifications for the 500 MHz Varian INOVA
Spectrometer [31]
1
2
3
4
5
6
7

11.75 Tesla 51 mm bore Oxford Magnet
28 channel super shims
Anti-vibration legs
Three channels (three waveform generators)
z-axis pulsed field gradient capability
VT pre-conditioning unit, -40 to 100 C
5 mm Penta (H,C,N,P,D) PFG VT probe (Used)

A detailed procedure of Vnmrj is available in the Appendix Section
B. A short summary of the qNMR procedure is presented in this section.
First hardware was setup to measure proton experiments through Vnmrj.
Next the NMR sample tube, the spinner turbine, and a depth gauge were
taken to the NMR spectrometer. A placeholder sample was ejected and
removed. The NMR sample was placed in the spinner turbine and the
sample’s contents measured out in the depth gauge as shown in Figure
2.10.
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Figure 2.10: NMR sample tube sitting in a 5 mm probe depth gauge

The spinner holding the sample was inserted back into the NMR.
The sample was tuned to the most sensitive frequency by setting the
tune interface to a value less than 10. This was accomplished by probing
proton frequency of the sample. The digital control pre-amp is shown in
Figure 2.11.
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Figure 2.11: Pre-amp with probe tuning interface and H-frequency
cable probe

Using Vnmrj, the solvent was selected as D2O 10%, the sample’s z0
value was determined, and the sample was shimmed on the z axis. These
steps locked the magnetic field to the sample and displayed a lock signal
at a stable value above 10. Typical lock values are shown in Table 2.6.
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Table 2.6: Lock Signal Parameters for a sample in 20% DSS
z0 value

-1290 to -1350

Power

32

Gain

28

Phase

140

Next in Vnmrj, a “New Study” was opened, the sample is named,
and commented. The solvent is checked t be at “D2O 10%”.
The “(H)PRESAT” button was pressed again, and acquisition
parameters are set. Under the “Acquire” tab and “Acquisition”, the data,
excitation, scan, and receiver gain parameters can be set. Table 2.7 lists
the specific acquisition parameters.

Table 2.7: Acquisition Parameters for NMR

Acquisition Time (s)

6.00

Relaxation Delay (d1) (s)

25.00

Number of scans Requested

8-64 (varies on concentration)

Constant Receiver Gain

12

Spectral Width (Hz)

7998.4

These parameters were optimized to yield integration values, such
that each group of protons was represented by their respective relative
number of hydrogens. Relaxation may yield to different integrals of peak
groups, however, long relaxation delays and acquisition times level those
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differences. Ideally the repetition rate of a spectrum should be 5*T1 of a
sample. This may require very long measurement times and thus
parameters are often a compromise between 100% accuracy and
measurement time. Since the solvent contains 20% D2O, the acquisition
time to relaxation delay was set at a ratio of 6:25 to yield a longer time to
yield an accurate reading. A long relaxation delay (25 s) was crucial in
yielding clear integral areas that can be used for quantitation because
butanol is a small molecular weight compound. Table 2.8 shows the
number of scans necessary to obtain detailed NMR spectrum for
quantitative use.

Table 2.8: Relationship between Number of Scans and Concentration
Concentration of
Butanol (g/L)
8
4
2
1
0.5
0.25
0.1
0.05
0.01
0.005

Number of
Scans
8
8
16
16
32
32
32
32
64
N/A

The receiver gain was kept constant at 12. If oscillatory ADC
receiver overflow feedback appeared in the spectra, the gain was lowered
to 10. After acquisition parameters were set, the experiment was run by
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pressing “submit”. Usually, each run takes 15-45 minutes per sample.

2.7

Butanol and Glycerol Quantification

For a more detailed tutorial in using Vnmrj, refer to the Appendix
Section B. In Vnmrj, peaks were defined. Then, the spectra were
processed to yield symmetrical peaks and a straight baseline. The
processed spectra were then then quantified through the Vnmrj software
and relating the DSS peak to the butanol peaks. Raw concentration
values for glycerol was obtained using Vnmrj software as well. Vnmrj
software estimates concentration based on a known internal standard
based on integral area. In case that concentration “probe” was
inaccurate, two methods of quantification were used. Figure 2.12 shows
a flowchart of how Vnmrj’s concentration was processed to the actual
concentration in g/L.
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Figure 2.12: Converting NMR concentration from the Vnmrj based
quantification method values to concentration values in g/L.

A shortcut method of converting integral areas to butanol
concentration values in g/L was developed. This method equates the
actual concentration to the ratio of integral areas between the target
peak and the DSS peak. Equation 11 shows the shortcut calculation that
correlates the DSS and Butanol peak height to concentration.

𝐶𝑏𝑢𝑡𝑎𝑛𝑜𝑙 =

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑢𝑡𝑎𝑛𝑜𝑙 𝑝𝑒𝑎𝑘
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐷𝑆𝑆 𝑝𝑒𝑎𝑘

𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

=

𝐼𝐴𝐵𝑢𝑡
𝐼𝐴𝐷𝑆𝑆

2.4

=

200
𝐼𝐴𝐷𝑆𝑆

2.4

[11]

The constant, 2.4, was determined experimentally through back
calculating with a known butanol concentration. By plugging in the
integral area of DSS, the concentration of butanol can be calculated.
Both methods were used to calculate butanol concentrations.
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CHAPTER III

RESULTS AND DISCUSSION
3.1

Examining Theoretical Spectra and Choosing a Target Butanol
Integral Area
Target butanol integral areas (peaks) were determined based on a

combination of theoretical spectra of all compounds produced by C.
pasteurianum. The peaks were identified based on the symmetry,
multiplicity, and resolution of the peak area. Though quantification with
overlapping peaks was possible, n-butanol was quantified from nonoverlapping peaks. Using the ACD Labs’ H-NMR Predictor software, a
theoretical spectrum for each compound produced by C. pasteurianum
was generated and analyzed. The main compounds quantified were
glycerol and n-butanol, and the theoretical spectra helped to single out
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non-overlapping target peaks of each component. Glycerol was quantified
only using the Vnmrj software relative to the internal standard of the
software. Figure 3.1 shows a theoretical butanol spectrum, and Figure
3.2 shows the spectra of all products produced by C. pasteurianum.
Table 3.1 shows the chemical shifts of each peak in butanol. Spectra and
tables with chemical shifts for individual products not shown here and
are shown in the Appendix Section D.
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(4)

(5)

(1)
(3)
(2)

Figure 3.1: Theoretical NMR Spectrum of butanol that was generated using
nmrdb.org HNMR predictor.

Table 3.1: Butanol Spectrum Peak Characteristics

Peak (Fig 3.1)
1
2 (-OH not shown)
3
4
5

Chemical Shift
Number of
(δ) (in ppm)
Protons
3.6
2.34
1.53
1.35
0.9
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2
2
2
3

Peak Multiplicity
triplet
broad singlet
quintet
sextet
triplet

Figure 3.2: Theoretical NMR spectra for all C. pasteurianum products. Two
butanol target peaks are clear and visible at 1.49 and 1.35 ppm. Chemical shift
ranges are displayed on each molecule. Note: propane-1,2,3-triol is referred to
as glycerol.
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According to Figure 3.2, the sextet at 1.35 and quintet at 1.49 are
visible and clear in the theoretical spectrum. Both Figures 3.1 and 3.2
were generated using a 500 MHz resolution filter. The nearest nonbutanol peak to the sextet at 1.35 ppm is at 1.15 ppm, and the quintet at
1.49 ppm’s nearest peak is at 1.68. Both target butanol peaks are
associated with 2 protons each and theoretically have the same integral
area. Another compound present in large amounts in the bioreactor
production is glycerol, which was the main feed component for the
bacteria. Figure 3.3 shows the spectrum for only glycerol.

(1)

(2)

Figure 3.3: Theoretical glycerol NMR Spectrum generated from nmrdb.org
HNMR predictor.
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Table 3.2: Glycerol Spectrum Peak Characteristics

Chemical Shift
(δ) (in ppm)

Peak (Fig 3.1)
1
2
3

Number of
Protons

3.6
3.75
4.18

Peak Multiplicity
doublet of
4 doublets
1 multiplett
broad singlet

The peaks from the theoretical glycerol spectrum do not overlap
with butanol target peaks, therefore the two butanol peaks, a sextet at
1.35 ppm and a quintet at 1.49 ppm, were still considered as target
peaks for quantitative measurements. A drawback to analyzing a glycerol
spectrum is the close chemical shifts between peaks as shown in Figure
3.2.

3.2

Calibration Curve NMR Spectra Analysis.

Spectra shown in this section and the Appendix are processed and
generated using Vnmrj 4.2 software. Please refer to the Appendix Section
E for processing and quantification protocol. Table 3.3 describes every
NMR spectrum in this section.
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Table 3.3: Description of NMR spectrum in the Calibration Curve
section

Figure
3.4

Concentration
of Butanol (g/L)

Concentration of
Liposomes (g/L)

0

Description of Spectrum

0 20% DSS in Water solution
0.125 g/L butanol solution for
butanol-water calibration
0 curve

3.5

0.125

3.6

0

3.7

0.125

12.5 12.5 g/L liposome solution
0.125 g/L butanol and 2 g/L
liposome solution for butanol2 liposome calibration curve

2

2 g/L butanol and 2 g/L
liposome solution for butanol2 liposome calibration curve

3.8

Figure 3.4 shows the spectrum of just 20% DSS solution in water.
The peaks of DSS do not overlap the target peaks at 1.5 and 1.3 ppm.
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Figure 3.4: NMR Spectrum of 0.99 mM DSS in a solution of 20% D2O in H2O.

In Figure 3.4, the baseline appears completely flat. There is a water
peak at exactly 4.77 ppm. The DSS peak at 0.00 ppm was set to an
integral area of 900, which correlates with the 9 hydrogen atoms that
associates with the three methyl groups in DSS.
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Figure 3.5: NMR spectrum of 0.125 g/L of butanol in water containing a 0.99
mM DSS standard solution.

The lack of peak overlap is shown in Figure 3.5 of a spectrum of
0.125 g/L butanol, a spectrum used for the generation of the butanolwater calibration curve. When quantifying NMR spectrum with
liposomes, lecithin peaks did appear in the spectrum in Figure 3.6,
which shows a 12.5 g/L solution of L-α-Lecithin liposomes.
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At same chemical shift as target peak

Figure 3.6: NMR spectrum of L-α-Lecithin liposomes and water
spectrum. The lecithin peaks may derive from free lecithin, disintegrated
liposome, or liposomes.

The lecithin peak at 1.2 overlaps with the target peak at 1.3 ppm,
but not fully at 1.5 ppm. The lecithin peaks may derive from free lecithin
lipid, partly disintegrated liposome, or liposomes. At a butanol
concentration of, 1 g/L and above, the lecithin peak of 2 g/L will have a
minimal impact on the peak area of butanol peak. The impact of lecithin
in the NMR spectrum can be seen in Figures 3.7 and 3.8.
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Overlaps target peak at 1.33 ppm

Figure 3.7: 0.125 g/L of Butanol and 2 g/L of L-α-lecithin

Overlaps target peak at 1.33 ppm

Figure 3.8: 2 g/L of Butanol and 2 g/L of L-α-lecithin
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Since the target peaks are equal in integral area, as shown in
Figure 3.7 and Figure 3.8, the target peak at 1.5 ppm could be used for
quantification for consistency. Additionally, the peak at 3.6 ppm contains
small lecithin peaks around it, resulting in an uneven baseline around
the peak.

3.3

Calibration Curve Concentration Data
3.3.1

Butanol-Water Calibration Curve

Individual NMR spectra for each concentration data point of the
Butanol-Water Calibration Curve can be found in the Appendix. Two
different methods were used for the determination of the butanol
concentration in each sample. Figures 3.9 and 3.10 show that each
calibration curve is linear. These results validate the method of
determining butanol concentrations using the Vnmrj software based on
an internal preset standard integrated into the software and the method
using the DSS standard explained with Equation 11 and in the
Experimental Materials and Methods section 2.7. The calculated butanol
concentrations match the actual butanol concentration in the sample.
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9.000
y = 1.0067x
R² = 0.9999

Vnmrj Butanol Concentration (g/L)

8.000
7.000
6.000
5.000
4.000
3.000
2.000
1.000
0.000
0

1

2

3

4

5

6

7

8

9

Standard Butanol Concentration (g/L)

Figure 3.9: qNMR Calibration Curve for Butanol based on Vnmrj concentration
software.

Table 3.4: Butanol Solution Calibration Curve Data Points from Vnmrj
concentration software
Original Butanol
Concentration (g/L)

NMR Butanol
Concentration (g/L)

8
4
2
1
0.5
0.25
0.125

8.02
4.09
2.03
1.01
0.50
0.24
0.13
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Percent Difference
between
Concentrations
0%
2%
2%
1%
0%
5%
5%

Butanol Concetration Relative to DSS (g/L)

9.00
8.00
y = 1.0054x
R² = 0.9998

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0

1

2

3

4

5

6

7

8

9

Standard Butanol Concentration (g/L)

Figure 3.10: qNMR Calibration Curve for Butanol relative to DSS peak

Table 3.5: Butanol Solution Calibration Curve Data Points based on DSS
peak
Original Butanol
Concentration
(g/L)

NMR Butanol
Concentration
(g/L)

8
4
2
1
0.5
0.25
0.125

8.01
4.09
2.03
1.00
0.50
0.21
0.13

Percent
Difference
between
Concentrations
0%
2%
1%
0%
0%
15%
5%

Both the Vnmrj software and the DSS peak method yield similar,
results, therefore each one was used to determine concentrations and is
reported in the Appendix Section E.
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3.3.2

Butanol-Liposome Calibration Curve

NMR spectra for each concentration data point of the ButanolLiposome Calibration Curve can be found in the Appendix Section E.
Both, DSS standard and Vnmrj software-based quantifications were used
for future calculations and are reported as an average. This decision was
made because both methods yielded close to the exact same
concentration values in each measurement. In each NMR sample
preparation, the concentration of liposomes was kept constant at 2
grams of L-α-Lecithin per L of solution (g/L). Figure 3.11 shows the
linearity of the Butanol-Liposome calibration curve, while Table 3.6
shows the data points associated with the graph.

NMR Butanol Concentration
(g/L)

9
y = 0.9846x + 0.0024
R² = 1

8
7
6
5
4
3
2
1
0
0

1

2

3

4

5

6

Actual Butanol Concentration (g/L)

7

Figure 3.11: Butanol-Liposome Calibration Curve
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8

9

Table 3.6: Butanol-Liposome Calibration Curve data points

Butanol
Concentration (g/L)

NMR Butanol
Concentration (g/L)

8

7.86

Percent Difference
between Theoretical
and Actual BuOH
conc (g/L)
2%

6

5.92

1%

4

3.97

1%

2

1.96

2%

1

0.98

2%

0.5

0.50

0%

0.25

0.25

2%

0.125

0.12

8%

0.1

0.10

0%

0.075

0.072

4%

0.05

0.053

6%

According to Table 3.6, butanol can be detected inside of the L-αlecithin liposomes because the concentration values are similar to the
butanol-water calibration curve values in Table 3.5. If butanol inside the
liposomes was not detectable by HNMR, the concentrations values would
appear lower. The suggestion that butanol was not entering the
liposomes was considered, but, theoretically, butanol is
thermodynamically stable within the liposome’s lipid bilayer. To find the
true butanol partition coefficient different separation techniques were
used to quantify and prove that liposomes were absorbing butanol
molecules.
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3.4

qNMR Spectra Analysis for Liposome Separation Experiments

Four different methods were used to separate the butanol carrying
liposomes from the filtrate/supernatant to determine the partition
coefficient. These methods are explained in Experimental Materials and
Methods Section 2.4. These methods were chosen because they could
possibly be used to separate liposomes with butanol in a bioprocess
industry application. Table 3.7 summarizes the figures’ concentrations
and separation methods in this section.

Table 3.7: Description of NMR spectrum in the Liposome
Separation section

Figure

Starting
Concentration
of Butanol
(g/L)

Starting
Concentration
of Liposomes
(g/L)

3.12

1

2

3.13

0

2

3.14

1

2

3.15

1

2

3.16

0.05

2

3.17

1

2
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Description of
Spectrum
Supernatant solution
from Centrifugation
separation.
Eluent solution from
Sephadex filtration
without butanol
Eluent solution from
Sephadex filtration.
Filtrate from
Centrifugal Filters.
A 0.05 g/L butanol and
2 g/L liposome solution
filtered with nylon at a
pore size of 0.2 μm.
PVDF membrane
filtrate

Table 3.7 describes each NMR spectrum in this section. Figure
3.12 shows an NMR spectrum of a 1g/L of butanol and 2 g/L of liposome
supernatant solution separated through centrifugation.

Figure 3.12: 1 g/L butanol and 2 g/L liposome supernatant solution
from Centrifugation. The circle shows the presence of small butanol peaks

According to Figure 3.12, n-butanol peaks appear large. Lecithin
peaks appear as well as shown in the circle, but with a much smaller
area compared to the butanol-liposome calibration curve. The lecithin fat
peak at 1.3 ppm is not visible because it overlaps with the butanol target
peak at 1.33 ppm.
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Filtrate from Sephadex G-25 columns are diluted from 50 μL to
600 μL with deionized water. Therefore, butanol peaks appeared 1/6 of
the actual integral area. Figure 3.13 shows a spectrum of the eluent from
filtering a 2 g/L liposome solution through the column.

Figure 3.13: Eluent solution from Sephadex spin columns filtered with a
2 g/L liposome solution. Butanol peaks are absent.

The spectrum in Figure 3.13 contains almost exclusively DSS
peaks and the water solvent peak. This experiment involved washing the
spin column with 400 μL a 2 g/L liposome solution 5 times. Two very
small peaks appear at 1.35 ppm and 0.9 ppm, which align with lecithin
peaks at 1.3 ppm and 0.9 ppm shown in Figure 3.6. Other lecithin peaks
at 2.0 ppm and from 5 ppm to 3 ppm are difficult to distinguish.
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Therefore, the molecule associated with the peaks is uncertain, but most
likely L-α-lecithin. From Figure 3.13, the peak at 1.3 ppm was expected
to overlap the target butanol peak at 1.3 ppm, and the target peak at 1.5
ppm was expected to be used for quantification.
Figure 3.14 shows diluted eluent samples from Sephadex G-25
spin column filtration from a starting concentration of 1 g/L of butanol
and 2 g/L of L-α-lecithin.

Figure 3.14: 1 g/L butanol and 2 g/L liposome diluted eluent solution
from Sephadex gel centrifugal spin columns.

The spectrum in Figure 3.14 contains butanol peaks and two
unidentifiable peaks, which are shown in the spectrum of Figure 3.13.

80

Since there is peak overlap at 1.3 ppm, the target butanol peak at 1.5
ppm was used for quantification. Similar to Figure 3.13, in Figure 3.14
lecithin peaks from 4 ppm to 5 ppm did not appear in eluent spectra.
When liposomes are not added to the columns, the moles of butanol are
retained. This is shown at the end Appendix Section E in Figure E.46.
The lack of L-α-lecithin containing butanol in Figure 3.13 and Figure
3.14 could suggest the presence of liposomes with and without butanol
aggregating, conglomerating, and then sticking to the side walls and/or
gel beads inside the column.
Figure 3.15 shows the spectrum obtained of the filtrate from
centrifugal filtration with a MWCO of 10 kDa with a starting
concentration of 1 g/L of butanol and 2 g/L of lecithin.
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Figure 3.15: 1 g/L butanol and 2 g/L liposome filtrate solution from
centrifugal filtration. Glycerine peaks are indicated by the red circle. Since the
target butanol peaks are even, no liposomes are present in the filtrate.

The spectrum in Figure 3.15, shows the target butanol peaks at
1.3 ppm and 1.5 ppm with the correct integral area ratio. The butanol
peak at 3.6 ppm has been totally overlapped by glycerol peaks present in
the membrane of these devices at 3.5-4.0 ppm that leaked into the
filtrate from the membrane filter. Though there are small peaks between
the 4.0 and the water solvent peak at 4.8, these peaks do not belong to
lecithin because the lecithin peak at 1.3 ppm that overlaps with the
butanol target peak at 1.35 ppm does not appear. The Appendix shows
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the spectra for all the centrifugal filtrates and an equal integral area
between the target peaks at 8 g/L to 0.05 g/L peaks.
When filtering butanol-liposome samples, a nylon filter was
initially used. During filtration nylon particulates were found in the
filtrate. In the resulting NMR spectrum, nylon peaks overlapped both
target peaks as shown in Figure 3.16.

Figure 3.16: A 0.05 g/L butanol and 2 g/L liposome solution filtered with
nylon at a pore size of 0.2 μm. Interfering peaks are indicated by the red circles.

Instead of nylon, Polyvinylidene fluoride or PVDF was chosen due
to its hydrophilic nature, low cost, and non-interference in NMR
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spectrum. Figure 3.17 shows the spectrum of the filtrate from a 1 g/L
butanol and 2 g/L liposome solution. The solution was filtered with 0.45
μm, 0.2 μm, and the 0.1 μm PVDF syringe filters.

Figure 3.17: PVDF membrane filtrate from a 1 g/L butanol and 2 g/L
liposome solution. Filtered with 0.45 μm, 0.2 μm, and then 0.1 μm PVDF
syringe filters.

The spectrum in Figure 3.17 shows butanol peaks, but a small
concentration of lecithin as well. Though the concentration is about 15%
lower in the filtrate than the original solution, the presence of lecithin in
the spectrum increases the error between the reported partition
coefficient and the actual partition coefficient. Assuming that some
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lecithin had passed through the filter, then there will be free lecithin
present. To be consistent with other separation processes, the lecithin
will be assumed to be filtered out for Kp calculations.
Based on spectral analyses, the most useful liposome separation
method was using centrifugal filters because lipid peaks were not visible
in the eluent. The least useful liposomal separation was PVDF membrane
filtration due the presence of small liposome peaks in each spectrum.

3.5

Spectral Quantification of Separated Butanol-Liposome Solutions
This section analyzes results of the concentration of butanol in

liposomes by qNMR methods, the partition coefficient (Kp) , and percent
of butanol retained in the liposomes (B). A sample calculation of Kp is
available in the Appendix Section E. Samples were initially measured
once because multiple measurements yielded the exact same
concentration values. As described earlier the aqueous samples were
separated by different techniques. In each preparation, the
concentration of liposomes was kept a constant at 2 g/L. After raw data
was collected, partition coefficients were calculated with Equation 9 from
the Introduction Section 1.6. The volume of the lipid used was 2.91 μL
per 1500 μL of solution and a sample calculation of Vlip is shown at the
end of the Appendix Section E.
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3.5.1

Centrifugation

The supernatant from centrifugation experiments was quantified
and graphed in Figure 3.18 and numerical data shown in Table 3.8.

9.0

NMR Butanol Concentration (g/L)

8.0
7.0
6.0
5.0

y = 0.943x - 0.0183
R² = 0.9998

4.0
3.0

Concentration in
filtrate (g/L)

2.0

Calibration Curve

1.0
0.0
0

1

2
3
4
5
6
7
Butanol Concentration before Centrifugation (g/L)

8

9

Figure 3.18: Butanol Concentration of Supernatant after Centrifugation
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Table 3.8 Concentration in Supernatant from Centrifugation
Total
concentration
before Filtration
(g/L)
8
4
2
1
0.5
0.25
0.1
0.05

Concentration
in Filtrate
(g/L)

Percent of Butanol
Concentration
Retained (%) in
Liposomes

7.53
3.79
1.80
0.90
0.49
0.20
0.09
0.045

Partition
Coefficient
(Kp)
6
5
10
10
1
20
10
10

Average Partition
Coefficient
Average % of Butanol
in Liposomes

33.51
29.54
56.95
58.22
7.26
126.55
58.22
58.22
53.56
9%

According to Table 3.8, approximately 9% of the moles of butanol
was absorbed into the liposomes after centrifugation. Since the liposomes
were completely separated, this method further proved that the butanol
inside the liposomes was detected from the butanol-liposome calibration
curve. The average Kp was calculated as 53.5. The standard deviation of
34 is very high, due to the partition coefficients values of 7 and 127
calculated for 0.5 g/L and 0.25 g/L, respectively as two outlier values.
Additionally, these results show that absorption into the liposomes
is more dependent on equilibrium partitioning then on the ratio of
butanol to liposome concentrations. If the ratio was important, then
more butanol would enter the liposomes at lower concentrations of
butanol. For example, at a butanol concentration of 2 g/L, Kp = 57, while
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at 0.05 g/L, Kp = 58. This results in about 10% of butanol in the
liposomes at both concentrations.
The amount of butanol absorbed into the liposomes ranges
between 1% to 20%. The high standard deviation can be explained either
through human or machine error. The guess accuracy of the quantitative
NMR techniques was set about 10% as set by the user. Additionally,
pipetting the supernatant from the centrifugate or pellet increases
uncertainty. Although the percent of butanol retained in the liposomes
shown varies from 1% to 20%, the concentration values before and after
centrifugation still yields a very linear trend with a slope of 0.94 and an
R2 value of 0.9998 as shown in Figure 3.18.
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3.5.2

Sephadex Filtration
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Figure 3.19: Butanol Concentration of Filtrate after Sephadex Spin Column
Filtration
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Table 3.9: Concentration in Eluent after Sephadex Spin Column
Filtration
Total
concentration
before Filtration
(g/L)
8
4
2
1
0.5
0.25
0.1
0.05

Concentration
in Filtrate (g/L)

Percent of Butanol
Concentration
Retained (%) in
Liposomes

7.68
3.62
1.8
0.87
0.44
0.23
0.07
0.04

Partition
Coefficient
(Kp)

4.0
9.6
10.2
13.1
11.3
9.4
29.3
11.6
Average Kp
Average % Butanol in
Liposomes

22.3
55.5
59.2
78.9
66.3
54.2
214.6
68.5
77.438
12%

Similar to the centrifugation method, the majority of samples show
that butanol retained in the liposomes is about 12%. At 8 g/L, only 4% of
butanol is retained in liposomes. At 0.1 g/L butanol more than 20% are
retained in liposomes. The standard deviation for this separation method
is 58 and therefore higher than for the centrifugation method.
According to Figure 3.19, the filtrate concentration is linear as
well, with a slope of 0.96 and an R2= 0.992. A higher standard deviation
values can be attributed to the fact that the samples were diluted from
50-100 μL of filtrate to the required 600 μL to receive a sufficient volume
of solution for NMR measurements. Since lecithin peaks are absent from
3.5 to 4.5 ppm in Figure 3.13, without liposomes the butanol
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concentration stays the same (see Appendix Section E, Figure E.46), and
the concentration of butanol is consistently lower than the pre-filtered
butanol concentration, therefore butanol concentration from Sephadex
eluate data and spectra is comparable to other filtrate and supernatant
spectra is a valid conclusion.
The average partition coefficient value was 77, which is 20 units
above the partition coefficient yielded through centrifugation, while, the
average percent of butanol retained in the liposomes is only 3% higher
than observed with the centrifugation method at 12%.

3.5.3

Centrifugal Filtration
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Figure 3.20: Butanol Concentration of Filtrate after using Centrifugal Filters
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Table 3.10: Concentration in Filtrate after using Centrifugal Filters
Total
concentration
before Filtration
(g/L)
8
4
2
1
0.5
0.25
0.1
0.05

Concentration in
Filtrate (g/L)
6.99
3.48
1.84
0.85
0.47
0.24
0.09
0.04

Percent of Butanol
Partition
Concentration
Coefficient
Retained (%) in
(Kp)
Liposomes
13
75.84
13
78.81
8
45.48
15
91.88
6
33.87
3
15.84
12
71.23
13
71.23
Average Kp
Average % Butanol
in Liposomes

60.52
10%

From Table 3.10, the average percent of butanol retained in the
liposomes from the centrifugal filtration method is 10%, which is in
between the result for the centrifugation method’s value of 9% and the
Sephadex filtration method’s value of 12%. Figure 3.20 shows the linear
nature of the filtrate’s concentration with a slope of 0.87 and R2 value of
0.9998
The average partition coefficient was 60.52, which is in between the
values for the Sephadex filtration method’s and the centrifugation
methods. The standard deviation is 26 where the lowest Kp was 16 at 0.25
g/L and the highest Kp was 92 at 1 g/L.
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3.5.4

Syringe Driven PVDF Membrane Filtration
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Figure 3.21: Butanol Concentration of Filtrate after from filtration
through syringe driven PVDF membranes with pore sizes of 0.45, 0.22, 0.1
micron in diameter.

Table 3.11: Concentration in Filtrate after from PVDF Filtration
Total
Concentration Percent of Butanol
concentration
in Filtrate
Concentration
before Filtration (g/L)
Retained (%) in
(g/L)
Liposomes
8
7.17
4
3.35
2
1.92
1
0.85
0.5
0.43
0.1
0.07

Partition
Coefficient
(Kp)
10
16
4
15
13
32

Average Kp
Average % Butanol in
Liposomes
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60.62
100.93
22.46
91.88
84.84
221.71
97.07
15%

The average partition coefficient of 97 and average percent of
butanol in liposomes of 15% appear higher for the PVDF method when
compared to results from the other centrifugation-based methods.
Additionally, the variability in partition coefficients is high as well as the
Kp standard deviation’s value of 67. The highest Kp value is at 222, while
the lowest is at 22.5. From Figure 3.21 the slope of the line is 0.89,
while the R2 value is the lowest value out of the 4 trials at 0.998.
The lower filtrate concentration values in comparison to results
from other methods can be explained by the concept of concentration
polarization. During filtration, butanol molecules flow through a syringe
and reach a rich lipophilic layer near and in the membrane. This layer
consists of liposomes that have built up because they cannot pass
through the membrane. Since the liposome concentration is higher near
the filter, the butanol will be absorbed near the filter. Otherwise, a high
filtrate concentration indicates that when a positive filtration is applied
the liposomes could disrupt and leak through the filter.
Based solely on quantitative analysis, the most useful liposome
separation method was PVDF membrane filtration because of its high
partition coefficient of 97.07. Though PVDF membrane filtration yielded
the highest partition coefficient, the NMR spectra contained lecithin
peaks. Concentration polarization of the liposomes plus the fact that
liposomes fell through the filter makes PVDF membrane filtration the
least reliable method of liposomal separation and Kp determination. The
94

reason this separation is still considered in this report is the that
tangential flow membrane filtration is a readily available extraction
process that can be used with bioreactor in this study.
The least useful liposomal separation was centrifugation because
of its low partition coefficient of 53.56, while separation with a
centrifugal filter yielded a partition coefficient of 60.52. The advantage of
using a centrifugal filter is that the liposomes cannot be resuspended in
solution as shown by the NMR spectra.
The overall best method of liposomal separation is using Sephadex
G-25 spin column chromatography. This method yielded the second
highest partition coefficient at 77.4, and NMR spectra of the Filtrate
showed no concentration of liposomes. Nevertheless, the best separation
method for an extraction process would be using a filtration with a low
MWCO filter. Filtration yielded a higher partition coefficient due to
concentration polarization of a liposome layer around the filter. Using
size exclusion chromatography in an extraction process would be
effective, but would require excess wash solvent, which would end up as
waste.

3.4.5

Determination of the Average Partition Coefficient

Partition coefficient data is compared, and the effect of outlier data
points on the overall result is shown in Table 3.12.
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Table 3.12: Comparison of Partition Coefficient (Kp) Values
Overall Kp
Standard Deviation of Overall Kp
Corrected Kp
Standard Deviation of corrected Kp

72.15
46.49
63.21
18.88

By removing outlying samples, the number of data points
considered valid decreases, but so does the standard deviation. Samples
with a partition coefficient of less than 5% indicates that liposomal
separation did not occur, thus these samples can be justified as outlying.
Outlying samples that were removed also include samples with partition
coefficients that were over 200.
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Average Partition
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Figure 3.22: Kp values as determined for each separation method (including
outliers)
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Table 3.13: Corrected Kp and % Butanol Retention values and
Standard Deviation
Kp
PVDF Filtration

84.6

Standard
Deviation
31.55

Centrifugal Filtration
Sephadex Filtration
Centrifugation
Average Partition Coefficient

66.9
64.7
49.1
66.3

20.14
10.17
13.69
18.88

% Butanol
in Lip
14%

Standard
Deviation
3%

11%
11%
9%
11.2%

3%
1%
2%
2%
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Figure 3.23: Corrected Kp values as determined for each separation
method (excluding outliers)

By omitting the outlier data points, the standard deviation
decreases. The average percent of butanol retained in the liposomes
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decreases from 12% to 11%, while the average total partition coefficient
decreases from 72 to 66.
The relationship between the Partition Coefficient and percent of
butanol retained in the liposomes was investigated and found to be
linear. Figure 3.24 shows the linear correlation between all data points
from the liposome separation experiments.

250.00

Partition Coefficient Kp

200.00

150.00
y = 703.71x - 10.479
R² = 0.9859
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-50.00
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Figure 3.24: Relationship between percent of butanol retained in the
liposomes and Partition Coefficient of each data point

The partition coefficient, Kp, is about 700 times more sensitive
than the fraction of butanol retained in the liposomes as shown by the
equation for the linear correlation from Figure 3.23 between Kp and the
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percent of butanol retained in the liposomes . The R2 value is 0.986 and
shows a semi-linear function. Since some Kp data points were higher
than 100 and some data points were lower than 5, the correlation could
be extended from 0 to 200. The majority data points are clustered around
Kp = 50-70 when 10 to 15% of butanol is retained in the liposome
mixture of 2 g lecithin/L solution. All individual data points for Figure
3.24 are shown in tables in the Appendix Section E sorted by each
separation method.
A linear equation for the Kp vs percent of butanol in liposomes
relationship was derived from Equation 13 and Equation 9 (see
Introduction Section 1.6) and is shown in Equation 15.

% 𝑏𝑢𝑡𝑎𝑛𝑜𝑙 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠 = 𝐵 = (
(

𝑛𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝑛𝑓, 𝑏𝑢𝑡
𝑛𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡

𝐾𝑝 =

𝑛𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝑛𝑤𝑎𝑡𝑒𝑟, 𝑏𝑢𝑡
𝑛𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡
1/𝑉

)
𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛

∗ 1/𝑉𝑡𝑜𝑡𝑎𝑙 =

𝑉𝑡𝑜𝑡𝑎𝑙 ∗𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝑉𝑓 ∗𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 ∗(1−𝐵)
𝐶𝑏𝑢𝑡, 𝑓 ∗𝑉𝑙𝑖𝑝

𝐾𝑝 = 𝑚𝑥 + 𝑏 =

𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 ∗𝑉𝑓
𝐶𝑏𝑢𝑡, 𝑓 ∗𝑉𝑙𝑖𝑝

𝑡𝑜𝑡𝑎𝑙

=

∗𝐵+

)

[12]

𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛
𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝐶𝑓, 𝑏𝑢𝑡

[13]

𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡

𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 𝑉𝑡𝑜𝑡𝑎𝑙 −𝑉𝑓 ∗(1−𝐵)
𝐶𝑏𝑢𝑡, 𝑓
𝑉𝑙𝑖𝑝

𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 𝑉𝑡𝑜𝑡𝑎𝑙 −𝑉𝑓
𝐶𝑏𝑢𝑡, 𝑓
𝑉𝑙𝑖𝑝

[14]
[15]

Equation 12 shows an equation for the calculation of butanol in
the liposomes in terms of total butanol of moles, ntotal but, and moles of
butanol outside of the liposomes (in water), nwater, but. Equation 12 is set
to the variable B or the percent of butanol retained in the liposomes. The
terms Cbut,f and Vf denotes the butanol concentration and volume,
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respectively, in terms filtrate, eluent, and supernatant. Equation 12 is
then put in terms of concentration, Cbut,f and Ctotal but (the total
concentration of butanol) in Equation 13. Note that Cf,butanol is
approximately equal to Cbut,w at 2 g/L of liposomes (>0.2% difference).
This allows the variable B to be put into the partition coefficient equation
from Equation 9, as shown in Equation 14. Equation 14 is then put in
linear form, which results in the Equation 15. This equation varies by the
lipid used for the absorption of any solute. Equation 15 is derived to fit
the line in Figure 3.24 and shows that the partition coefficient can vary
by 10% when this equation is applied, since the y-intercept is -10.473,
when it should positive and close to 1. The deviations from linearity of
outlier values between B and Kp contribute to the non-ideality of each
butanol-liposome solution. The non-ideality of the butanol-liposomewater solutions is measured by the activity coefficient, γ, which is
assumed to be 1 (ideal solutions) in this study.
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3.4.6

Other Lipid Partition Coefficients and Cost Comparison

Table 3.14: Comparing Lipid Material Cost vs Partition Coefficient of
Phospholipids

Partition Coefficients with Retail Cost (Data
Butanol (conc in lip/conc from Avanti Polar
in water)
Lipids/Fischer)
$

Source

1,2-diacyl-snglycero-3phosphocholine
(L-α-Lecithin)

66-72

1,2-dimyristoylsn-glycero-3phosphocholine.
(DMPC)

120

$ 170.00 / g

K.A. Connors,
Binding
Constants, John
Wiley and Sons,
[34]

1,2-dipalmitoyl-snglycero-3phosphocholine
(DPPC)

62

$ 170.00 / g

n-Butanol
Partitioning and
Phase Behavior
in DPPC/DOPC
[23]

3:1 DPPC:DOPC

54

$ 175.00 / g

n-Butanol
Partitioning and
Phase Behavior
in DPPC/DOPC
[23]

1:1 DPPC:DOPC

45

$ 180.00 / g

n-Butanol
Partitioning and
Phase Behavior
in DPPC/DOPC
[23]

1,2-dioleoyl-snglycero-3phosphocholine
(DOPC)

N/A

$ 190.00 / g
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80.00 / kg

According to the references in Table 3.14, the lipid with the highest
butanol partition coefficient of 120 is DMPC, while the lipids with the
lowest partition coefficient of 45 was a 1:1 mixture DOPC:DPPC. These
differences can be attributed to the fatty acid composition in each of
these materials. As stated earlier, the cost of L-α-Lecithin is $40 per
500g, the cost of DPPC is much higher at $170 per gram. This cost
scaled per 500g is $85,000. Therefore L-α-Lecithin is 2125 times less
expensive than DPPC for liposomes with similar partition coefficient
values. Though DMPC has a partition coefficient twice of L-α-Lecithin, its
cost is the same as DPPC. Hence it is more cost effective to use L-αLecithin in butanol bioreactor operations.

3.6

qNMR Spectral Analysis of Fermentative C. pasteuranium Reactor
Samples
Spectra for all reactor data points are found in the Appendix

Section F. Theoretical NMR spectrum for reactor components are shown
in Section 3.1. Figure 3.25 shows the NMR spectrum for a sample taken
from an experiment where the bioreactor was run at different dilution
factors. Spectra from the single flow rate experiment yielded similar
peaks because the products were the same.
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Figure 3.25: NMR spectrum of sample 2 (refer Table 3.15) taken at 39.6
hours past inoculation at a flow rate of 0.6 mL/min (Dilution factor = 0.072)

The spectrum in Figure 3.25 shows the water peak at 4.8 ppm,
glycerol peaks from 3.44 ppm to 3.81 ppm, target n-butanol peaks at 1.5
ppm and 1.33 ppm, and 1,3 PDO peaks at 3.6 ppm and 1.71 ppm, and
an ethanol peak at 1.13 ppm. Though quantification of the other
components is relevant to bioreactor studies, this study will only focus
on n-butanol and glycerol quantification. The glycerol peaks overlap with
n-butanol, ethanol, and 1,3 PDO at 3.6 ppm. To account for the 1,3 PDO
overlapping peak, twice integral area of the 1, 3 PDO peak at 1.71 ppm
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was subtracted from the peak at 3.6 ppm. This correction was enforced
to account for the 4 protons in 1, 3 PDO make up the peak at 3.6 ppm,
while 2 protons account for the peak at 1.71 ppm. To correct the glycerol
concentration with ethanol at 3.6 ppm, 2/3 of the integral area at 1.16
ppm was subtracted from the peaks at 3.6 ppm. Additionally, the integral
area of a target peak can be subtracted from the glycerol peak area if the
target peaks are significant in comparison. In order to quantify glycerol
concentration using Vnmrj, the concentrations of butanol, ethanol, and
1, 3 PDO was subtracted from the concertation of the peaks at 3.6 ppm.
For most spectra, when the glycerol concentration was much
higher than butanol and 1,3 PDO, this correction was ignored.

3.7

Analysis of C. pasteurianum Fermentative Reactor Concentration
Data
3.7.1 Analysis of Dilution Factor Determination
Concentration Data

After the qNMR method was confirmed by creating calibration
curves, it was applied to analyze the butanol produced by C.
pasteurianum samples in bioreactor experiments. An average of both, the
Vnmrj based butanol concentration and DSS standard based
concentration method was used to quantify bioreactor samples. Similar
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to partition coefficient studies and calibration curve determination, the
concentrations in both methods were equal or very close.
All fermentative products and glycerol were quantified by HPLC,
while qNMR was used to quantify butanol concentrations and glycerol
concentrations. Figure 3.26 shows butanol concentrations from
fermentative experiments that tested various dilution factors and shows
that HPLC and NMR have the same exact trends even though NMR data
samples appear typically higher. Table 3.15 shows the corresponding
concentration values, steady-state flow rates, and dilution factors
associated with different time points after the start of continuous
culture.

Butanol Concentration (g/L)

6
5
4
3

qNMR
HPLC

2

Flow Rate =
0.6 mL/min

1

Flow Rate =
1.0 mL/min

Flow Rate =
1.5 mL/min

0
0

1

2

3

4

5

6

7

Sample (See Table 3.22)

Figure 3.26: Butanol Concentration from a C. pasteurianum bioreactor
with varied flow rates. Quantified by HPLC and NMR.
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Table 3.15: Determination of Butanol concentration through qNMR and
HPLC produced by Fermentation of C. pasteurianum in a bioreactor.
Sample

NMR
Time from
Flow Rate Dilution
inoculation (mL/min) Factor
butanol
(hours)
(1/hours) conc.
(g/L)

HPLC
Difference
butanol
conc.
(g/L)

0

24

0

0

2.48

2.419

-2.6%

1

37.6

0.6

0.072

5.39

4.415

-22.1%

2

39.6

0.6

0.072

5.46

4.64

-17.7%

3

48

1

0.12

4.02

4.11

2.2%

4

50

1

0.12

4.50

4.07

-10.5%

5

55.4

1.5

0.18

4.46

4.04

-10.3%

6

57.4

1.5

0.18

4.68

4.36

-7.4%

An overall butanol concentration trend analysis shows an
increased butanol production when the reactor is initially put in
continuous mode with at a flow rate of 0.6 mL/min. As the flow rate
increases to 1.0 mL/min, more glycerol is pumped into the reactor,
which initially lowers the butanol concentration in the reactor. As time
increases, the bacteria consume glycerol and the butanol concentration
increases as shown in data points 3 and 4. At a flow rate of 1.5 mL/min,
the more glycerol is being fed in the reactor. The resulting butanol
concentration remains steady at about 4.5 g/L.
The results obtained by HPLC are shown in red of Figure 3.26 and
show that butanol concentrations obtained by HPLC and NMR are
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absolutely comparable. This indicates that qNMR methods are reliable to
determine butanol concentrations in fermentation broths. Both HPLC
and NMR samples were taken at the same time but were stored in
separate 1.5 mL Eppendorf tubes. This could explain the small
differences in concentration between both methods. Additionally, it was
observed that as the concentration of butanol increases, the difference in
the results from HPLC and NMR measurements differed more.
To further investigate the validity of qNMR methods, the
concentration of glycerol was determined in a bioreactor and is shown in
Table 3.16 and Figure 3.27. Methods of quantifying glycerol are stated in
the Appendix Section C and Experimental Methods and Procedure
sections.
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Figure 3.27: Glycerol Concentration used to determine C. pasteurianum
bioreactor’s optimal dilution factor. Quantified by NMR and HPLC.

Table 3.16: Determination of glycerol concentration through qNMR and
HPLC produced by Fermentation of C. pasteurianum in a bioreactor.

Sample Time from
Flow
Dilution
NMR
HPLC
Difference
inoculation Rate
Factor
glycerol
glycerol
(hours)
(mL/min) (1/hours) conc.(g/L) conc.
(g/L)
0
24
0
0
13.64
13.06
-4.44%
1

37.6

0.6

0.072

7.93

7.3

-8.63%

2

39.6

0.6

0.072

9.66

8.38

-15.27%

3

48

1

0.12

9.98

10.01

0.30%

4

50

1

0.12

9.54

9.16

-4.15%

5

55.4

1.5

0.18

10.79

9.93

-8.66%

6

57.4

1.5

0.18

10.47

9.41

-11.26%

According to Table 3.16, the glycerol concentration values
determined by qNMR are slightly higher than concentrations quantified
by HPLC. According to Figure 3.27, the overall trend in glycerol in the
bioreactor is consistent between both methods. The precision of qNMR
glycerol concentration values and similar overall trend to HPLC values
validate the qNMR method in quantifying glycerol concentrations.
Fermentations at different dilution factors were performed in
triplicate. The focal method of quantification was through HPLC, but in
the last fermentation experiment both HPLC and qNMR were used.
Figure 3.28 shows individual butanol concentration values with error
bars in the form of standard deviations. Table 3.17 shows an average of
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all three-dilution factor experiments with standard deviation. Figure 3.29
shows individual glycerol concentration values with error bars in the
form of standard deviation, while Table 3.18 shows the corresponding
concentration values.

Butanol Concentration (g/L)

6.00
5.00
4.00
3.00
2.00
1.00
0.00
24

37.6

39.6

48

50

55.4

57.4

61.5

Time After Inoculation (h)

Figure 3.28: Average butanol concentration (g/L) from three HPLC and one
qNMR data sets.
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Table 3.17: Average butanol concentration (g/L) from three HPLC and
one qNMR data sets
Time (h)

Butanol Concentration
(g/L)

Standard Deviation

24

2.23

0.48

37.6

4.31

1.15

39.6

4.30

1.13

48

3.32

0.86

50

3.36

1.09

55.4

3.23

1.22

57.4

3.48

1.27

61.5

3.09

0.89

20.00

Glycerol Concentration (g/L)

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00
24

37.6

39.6

48

50

55.4

57.4

Time after Inoculation (h)

Figure 3.29: Average glycerol concentration (g/L) from three HPLC and one
qNMR data sets
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Table 3.18: Average glycerol concentration (g/L) from three HPLC and
one qNMR data sets
Time after
Inoculation (h)

Glycerol
Concentration (g/L)

Standard
Deviation (g/L)

24

15.15

3.21

37.6

9.19

2.66

39.6

10.48

4.04

48

12.14

2.50

50

11.99

2.69

55.4

12.67

3.09

57.4

13.01

3.61

The qNMR concentration values appear higher than the HPLC data
but fall in the range of standard deviation. The trend of butanol
concentration in Figure 3.28 is identical to the trend in Figure 3.26,
while the trend of glycerol concentration in Figure 3.28 is identical to the
trend in Figure 3.27. Since qNMR concentration data set are precise in
comparison to three HPLC data sets, butanol and glycerol concentrations
determined through qNMR methods are validated. In addition, the
experiment data is further verified through utilizing data sets from
multiple sources.
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Figure 3.30 shows the development of glycerol and butanol
concentrations throughout the fermentation experiment. Concentration
data in Figure 3.30 are plotted against time (data tables are shown in
Table 3.15 and 3.16).
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Figure 3.30: Butanol and Glycerol concentration values used to
determine C. pasteurianum bioreactor’s optimal dilution factor. Quantified by
HPLC and NMR.

Based on the three flow rates tests, the optimal flow rate to operate
the bioreactor is 0.6 mL/min, which yields the highest butanol
concentration of 4.3 g/L. The butanol concentrations at flow rates of 1.0
mL/min and 1.5 mL/min are almost even at approximately 3.3 g/L.
These results indicate that the reactor must be run on a longer time
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scale to truly understand the bacterial growth patterns and butanol
production rates.

3.7.2 Analysis of Glycerol and Butanol Concentration from a
C. pasteuranium Bioreactor operated at 1 mL/min

After running fermentations at multiple flow rates, the reactor was
run at a constant flow rate of 1 mL/min for 24 hours to understand
growth and product concentration trends on a longer time scale. The
butanol and glycerol concentrations were measured hourly. After 24
hours of batch growth, the pumps were turned on and the reactor was
run continuously. Figure 3.31 shows the concentration of butanol vs
time when the reactor was run in continuous mode. The data suggest
that butanol levels fall continuously for the first 9 hours from 4.5 g/L to
2.5 g/L. Butanol production than increases again from hour 10 onwards.
After 24 hours a butanol concentration of 6.0 g/L is reached.
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Pumps Turned On

Figure 3.31: Butanol concentration in a C. pasteuranium fermentation
performed in a bioreactor in continuous mode at a flow rate of 1 mL/min. The
smaller graph shows the butanol concentration 24 hours after the pumps were
turned on. Samples were taken after the pumps were turned on, 24 hours after
inoculation.
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Pumps Turned On

Figure 3.32: Glycerol concentration in a C. pasteuranium fermentation
performed in a bioreactor in continuous mode at a flow rate of 1 mL/min. The
smaller graph shows the glycerol concentration 24 hours after the pumps were
turned on. Samples were taken after the pumps were turned on, 24 hours after
inoculation.

From Figure 3.32, the overall increase in glycerol concentration,
suggests that glycerol was accumulating in the bioreactor, while the
negative trend in butanol concentration suggests C. pasteuranium
bacteria were being washed out. At 11 hours, the butanol concentration
increases, while at 12 hours the glycerol concentration decreases,
suggesting the cells concentration may have recached equilibrium and
have started to produce butanol at a higher rate. At 24 hours, the
glycerol concentration was 8.97 g/L, while the butanol concentration was
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6.11 g/L. This data suggests that between 12 hours and 24 hours, the
butanol concentration inside the bioreactor showed an increasing trend,
while the glycerol concentration decreased. Butanol and glycerol
concentration trends clearly show an inverse relationship between. As
glycerol is consumed, butanol is produced, and its concentration
increases. Tables with concentration values and spectra for each sample
are visible in the Appendix Section F.
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CHAPTER IV

CONCLUSION
The main objective of this thesis was to utilize quantitative Nuclear
Magnetic Resonance (qNMR) spectroscopy to determine the concentration
of n-butanol in aqueous and in liposome containing solutions. First, a
butanol-water calibration curve was developed and used to validate the
analytical process of quantifying butanol. Next, the butanol and L-αlecithin liposome calibration curve was developed and used to show that
using the target butanol peaks at 1.5 ppm and 1.3 ppm, butanol could
be quantified inside the liposomes and be quantified accurately. The
methods developed from quantifying butanol in the calibration curve
were used to find the butanol partition coefficient, Kp, for liposome
solution.
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The partition coefficient was defined as the ratio of the
concentration of butanol in the lecithin liposomes to the concentration of
butanol in water and the value as 72. The individual partition coefficient
values are 54 for centrifugation, 77 for Sephadex G25 spin column
filtration, 61 for cellulose centrifugal filtration, and 97 for PVDF
filtration. The average standard deviation was found as 47. After
removing outlier data points where the measured aqueous solution
showed butanol was removed from the liposomes but was not present in
the filtrate, an adjusted Kp value of 66.3 was calculated with a standard
deviation of 18.9. In conclusion, a Kp value of 66.3 was deemed
satisfactory and the system is considered useful for the absorption of
butanol from a butanol-water solution and possibly from bioreactor
broth.
In comparing both butanol partition coefficient values with other
phospholipids, butanol’s partition coefficient in L-α-lecithin is half of
DPPC’s partition coefficient of 120, but similar to that reported for DOPC.
In terms of operating cost of a butanol bioreactor extraction system,
commercial L-α-lecithin is reasonably priced at $80 per kg, while DMPC
and DPPC were both priced at $8420 per kg. In conclusion, L-α-lecithin
is an affordable and hydrophobic lipid to use as liposomes for butanol
extraction.
The qNMR method was used for the analysis of two C.
pasteurianum fermentative samples. The results were compared with
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those obtained from high pressure liquid chromatography. Between the
two methods the trend of butanol concentration over time was similar,
and the concentrations were within 10%. Quantitative NMR was then
used to determine the concentration of butanol and glycerol in a
bioreactor with a constant 1 mg/mL flow rate in the first 12 hours. The
concentration of butanol decreased from 4.5 g/L to 2.5 g/L, while the
concentration of glycerol increased from 11.25 g/L to 17.00 g/L. A
sample was taken after 24 hours and the concentration of butanol was
determined to be 6.11 g/L. In conclusion, during the first 12 hours
butanol and bacteria was washed out, but then glycerol was consumed,
which led to the production of butanol.
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CHAPTER V

FUTURE WORK
•

Determine the percent of butanol centrifuged and filtered from
bacteria from C. pasteurianum bioreactor samples.

•

Investigate the non-ideality and activity coefficient (γ) of a butanolliposome-water solution.

•

Investigate the relationship between the activity coefficient and the
actual partition coefficient.

•

Compare the ideal partition coefficient (γ=1) to the actual partition
coefficient (γ≠1).

•

Take samples from the bioreactor between 24 and 48 hours after
inoculation
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•

Operate the bioreactor at 0.6 mL/min flow rate and take samples
between 0-40 hours.

•

Determine an ideal time period in the 0.6 mL/min flow rate
bioreactor experiment to extract butanol.

•

Investigate methods to lyse liposomes in solution to release
butanol through the use of a detergent.

•

Conduct batch C. pasteurianum and lecithin liposome studies.

•

Operate the bioreactor with an extraction system.
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APPENDIX A: Tables for Calibration Curves
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Table A.1: Partial Volumes added to Solutions in the ButanolWater Calibration Curve

n-Butanol
Volume of n- Volume of Water
Concentration (g/L) Butanol (mL) (mL)
8
0.988
99.01
4
0.494
99.51
2
0.247
99.75
1
0.123
99.88
0.5
0.062
99.94
0.25
0.031
99.97
0.1
0.012
99.99
0.05
0.006
99.99

Table A.2: Partial Volumes added to Solutions in the ButanolWater-Liposome Calibration Curve

Butanol
Concentration
(g/L)

8
4
2
1
0.5
0.25
0.1
0.05

Dilution
Source
(g/L)
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Stock
8
4
2
1
0.5
0.25
0.1

Volume taken
from
source (mL)
0.988
50
50
50
50
50
40
50

APPENDIX B: Step by Step Procedure Using Vnmrj for quantitative
Nuclear Magnetic Resonance Spectroscopy (qNMR)
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The first step in using the NMR was opening the Vnmrj
software. To tune the sample, the tuning hardware needed to be
set to tune proton samples.
To tune proton samples, (H)PRESAT software button was
selected and then the “Setup Hardware” button is pressed. See
Figure B.1 for the program’s layout upon startup.

Figure B.1: Opening layout of Vnmrj software. Red ovals are around “(H)
PRESAT” and “Setup Hardware” buttons. Green ovals are around the
“Insert” and “Eject” buttons and the blue bottom display bar. The blue
oval shows the location of the command bar.
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After the blue bar at the bottom displays “Setup Hardware
Complete”, the sample was ready to be inserted. All magnetic
materials were removed from the user and left at the workstation
and any labels on the NMR sample tube are removed. The “Eject”
button was pressed and the sample emerges from the top of the
magnet bouncing on an air current from a compressor. Relatively
quickly, the NMR sample, sample depth gauge is taken up the
stairs. The old sample and spinner removed and put in the depth
gauge. The old sample is removed

from the spinner and the new

sample is inserted into the spinner and carefully positioned with
the depth gauge. In the depth gauge, the bottom of the tube
should just touch the bottom of the gauge, while the ruler
shows the solution should sit at least 4 cm high in the tube as
in Figure 2.10.
Next the spinner and new sample is removed from the
depth gauge and put on top of the blowing air current in the
NMR.
Back at the workstation, to insert the sample in the NMR,
the “Insert” button is pressed. When the sample is inserted,
the air current disappears, and an audible ‘click’ is heard. Now,
that the new sample is inside the NMR, the sample can be
tuned. Next to the magnet leg is a tune pre-amp shown in
Figure 2 . 1 1 .
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First the proton frequency cable probe is moved to the
tune interface’s input jack. In the tune interface display, the
channel is set from channel 0 to channel 1, which is proton. A
value between 001 and 999 is displayed in the tune interface.
The sample is tuned by turning the PROTON knob underneath
the NMR, so the display in the tune interface reads a number
less than 10. If the sample cannot be tuned below 10, the
matching knob at the end is carefully tuned to reach a number
below 10. The knobs underneath the NMR are shown in Figure
2.12. Check the tune interface, to see if the attenuation is set to
8.
Finally, the tune preamp is set to channel 0 and the cable
is put to its original position.
After the sample has been tuned, the magnetic field must
be stabilized, and drift must be reduced by the field to
frequency lock. The three steps in this process are specifying
the solvent, finding z0, and gradient shimming on the z axis.
Under the “Start” tab and “Sample Information”, the
solvent can be specified as “D2O-10%” in the drop-down list.
This will define the solvent as a water and D 2O mixture.
Though this indicates a smaller concentration of deuterated
water, using a solvent concentration of 20% D 2O will yield a
higher and more stable lock number. Refer to Figure B.2 for the
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list location.

Figure B.2: Vnmrj layout for specifying the solvent

Next the actual NMR’s lock signal is set by finding and
matching the sample’s z0 resonance position. Under the “Start”
tab and “Lock”, the “Find z0” button is pressed to set the lock
signal. Figure B.3 shows the location of the “Find z0” button.
For solutions with around 20% of D 2O solvent in water, the z0
signal is between -1250 and -1400, the power is between 30
and 33, the gain is set to 28, and phase can vary between 125175. These parameters will vary based on the sample’s
components. The lock signal will stabilize between 28-53,
which indicates it is stable. A lock signal below 10 indicates
there is little to now matching in resonance, this may be due to
the wrong solvent being selected, a gradient solution along the
z-axis, or the lack of tuning.
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Figure B.3: Vnmrj layout for setting the lock signal, with the “Gradient
shim” button circled

After the initial lock signal is set, gradient shimming on
the z-axis is executed to account for imperfections in the
solution’s uniformity and sample NMR tube’s glass. This can be
accomplished by either pressing the “Gradient shim” button
shown in Figure B.3 or by shimming according to a set
shimmap. By executing the “gmapsys” command in the
command bar (shown in Figure 2.16), Vnmrj will automatically
open the “Gradient Shim” page shown in Figure 2.23. A custom
shimmap can be created by typing in a name, setting the
number of shims, and pressing the “Automake Shimmap”
button. This shimmap can be used by selecting the name from
the Load map list and pressing the “Gradient Autoshim on Z”
button.
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Figure B.4: Vnmrj layout for gradient shimming on the z-axis with a
custom shimmap.

After 1-10 gradient shimming iterations, the lock signal
will either be higher than before or the same number.
The next step is creating a new study. To create a new
experiment the “New Study” button is clicked. Refer to Figure
B.4, where the button is located in bottom left in the “Study
Queue.” A new, blank layout will appear. Referring to Figure
B.5, The sample is named according to the label code that is
present on the sticky note or label. The solvent should still read
“D2O-10%”. Any specific details about the sample can be
written in the comment section.
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Figure B.5: Vnmrj layout for naming the sample. The red circle shows
where the sample information can be specified, and the blue circle
shows the “(H)PRESAT” button

Figure B.6: Vnmrj layout for Acquisition and Pulse Sequence. The blue
rectangles show the acquisition parameters that must be changed.
The orange oval shows where the experiment’s parameters can be
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saved. The red oval shows the button to run the NMR experiment. At the
top is the pulse sequence. To update the pulse sequence, the parameters
must be saved, or the “Sequence” button must be pressed.

After these parameters are entered, the “Save” is pressed
and the experiment is run by pressing “Submit”. The total
experiment time is determined by the acquisition time
(sampling time), relaxation delay (d1 time), and is multiplied by
a factor of the number of scans. The NMR runs an array of 20
samples, where the first 10 samples the software optimizes its
presaturation signal power to only try to boost the non-water
butanol peaks, but the water peak only increases. The next 10
samples are run based on the peak with the smallest water
peak and optimizes the signal to minimize integral area of the
water peak. Spectrum for the optimal presaturation delay is
then collected the experiment and repeated based on the
number of scans.
After the experiment is finished running the words “DONE”
will appear on
The main display screen and concentrations can be found
based on peak height. Additionally, the spectra are
automatically saved for later processing as a .fid file.
After the experiment finishes running, the spectra can be
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viewed by executing the “ds” command, for display spectra, in
the command line. Another way to view the spectra, is to
double click on the experiment in the study queue. Once the
raw spectrum is visible, baseline and peaks must be examined.
If there is too much oscillation in the baseline or on the ends of
each peak, the sample must be rerun with a lower gain to
acquire usable peaks. If the peaks appear upside down, the
function “phase(180)” can be used to flip the entire spectrum.
Non-solvent spectrum can appear upside down due to an
inverted maximum water peak.
Once simple corrections are made, the spectra should look
more defined, but more rigorous preparations are needed for
quantification. If the peaks or baseline appear asymmetrical,
the command “aph” will apply an automatic phasing correction
over the entire spectrum. If asymmetrical peaks still appear,
each peak must be manually defined and corrected. On the
right-hand side of the Vnmrj layout is a tool bar with buttons
for viewing and defining NMR spectra and peaks. The tool bar is
visible in the black rectangle in Figure B.7. Figure B.6 contains
a flowchart explaining how to use the toolbar’s buttons to
manually define peaks with Vnmrj.
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Figure B.7: A flowchart showing how to smoothen spectrum and define
integral areas using Vnmrj
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Figure B.8: Vnmrj layout for defining an integral area and performing
baseline corrections. The red rectangle shows buttons for integral line
scaling. The left green rectangle shows where to quantify a known
target butanol peak. The right green rectangle shows a table of the
integral area values relative to the target butanol peaks. The black
rectangle shows buttons associated with defining integral areas and
viewing spectrum.

When manually correcting peaks, first left click and drag
up and down on a flat area to the left of the target peaks. Adjust
until “delta” value is minimized. Repeat this step for a flat area
to the right of the DSS peak.
To define a spectral window for the target butanol peaks,
place the two red bars around the target peak area. To place
the left bar, left click, and to place the right bar, right click.
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A similar technique is necessary when defining individual
peaks. Left click to left of the peak and right click to the right of
the peak to define an integral area to measure. If peaks are
close together, the spectral window can be adjusted by further
zooming in. The decision to define peaks was subject the
discretion of the user. This judgement was based on relative
height to the butanol or DSS peaks.
Finally, the command “wft dc bc” smoothens out the
baseline surrounding the defined peaks. “wft” stands for
“weighted Fourier transform” so the baseline appears smooth.
“dc” stands for “drift correction”, so the overall spectra baseline
has an integral area of 0. “bc” stands for “baseline correction”,
which fits a polynomial function to individual areas of the
baseline. These functions make the overall spectra appear smooth
and allow each peak’s integral area to be calculated.
Integration tools are in the “Process” tab, under
“Integration”. To quantify each peak, a set integral area is
defined by typing in “200” for the “Integral Area” of the clearest
butanol peak. The clearest peak is known as the butanol target
peak at 1.3-1.4 ppm, but under certain circumstances the
peak at 1.5-1.7 ppm must be used. The target peak is given a
value of 200 because of the 2 deuterium molecules that are
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being measured and because of the total number of significant
digits that is displayed.
A single red bar is used to define the target peak. Next,
“Set integral value” is selected and the ppm vs value table filled
with values for all integral areas defined. This table is copied
and pasted in .csv file and saved for later quantitative use.
“Show integral values” is selected to display the integral area
underneath the value itself to the second decimal place.

Under “Quantification” is a button that is labeled
“Determine Concentration”. When selected a new dialog box
appears with a list of raw individual concentration numbers
associated with the defined integral areas. Here, the number of
protons can be assigned to each peak and a concentration in
mM can be collected. The concentration dialog box is shown in
Figure B.8.
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Figure B.9: The Concentration Dialog Box. The number of
protons (nuclei) associated with each peak can be defined at
the top. Values in the table can be copied and pasted into a
.csv file.
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Raw NMR concentration values may contain a +10% error.
The spectra can be displayed in a PDF document. By selecting
“Plot” under the “Process” tab, the layout shown in Figure
B.9 is shown. Checking all the boxes, shown in Figure B.9 will
export the integral values and peak positions associated with
each spectrum. The “Preview” button is then used to export the
spectrum as a PDF, which then can be saved to flash drive or
emailed.

Figure B.10: Vnmrj layout for exporting spectra as a PDF. The blue
oval shows the “Preview” button that exports the spectra as a PDF.

To access processed spectrum, for further use, the NMR
spectrum with integral values can be saved. Under the “Acquire”
tab, “Future Actions” is selected. Select the button that says
“Save FID now” shown in Figure B.10 and the user is prompted
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to save over the old unprocessed spectrum. After, “y” is
executed in the command line, Vnmrj overwrites the save file.

Figure B.11: Vnmrj layout for overwriting spectra as a .fid file. The red
oval shows the “Save FID now” button.

Finally, after integral areas and raw concentration
numbers are collected, these numbers are converted to
concentration values in g/L. The raw concentration values
appear in mM and must be converted to g/L. Figure B.11 is a
flowsheet that contains steps to converting concentration
values in mM to g/L. The concentrations of butanol and other
species can be found relative to the concentration of the DSS
standard. The concentration of DSS can be found through the
integral area of the peaks at 0.00 ppm.
When measuring butanol concentrations from a
bioreactor, a similar technique was utilized. The butanol peak
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at 1.33 ppm was chosen as the target peak, as it theoretically
doesn’t overlap with any other reactor product peaks.
Additionally, the concentration of glycerol was acquired through
processing Vnmrj’s concentration data.

Figure B.12: Flowsheet for converting raw NMR concentration values to
actual concentration values.

A shortcut method of converting integral areas to
butanol concentration values in g/L was developed. This
method equates the actual concentration to the ratio of
integral areas between the target peak and the DSS peak.
Equation 11 shows the calculation for butanol.
The constant was determined experimentally through
back calculating with a known butanol concentration.
By plugging in the integral area of DSS, the
concentration of butanol can be calculated for. Both
methods were used to calculate butanol concentrations.
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APPENDIX C: Bioreactor Operation and HPLC
Quantification.
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Table C.1: Stock Feed solutions for Clostridium pasteurianum culture
Glycerol Media
Component
K4HPO4
KH2PO4
(NH4)2SO4
MgSO4/FeSO4
Trace Metal
Element
Yeast Extract
Glycerol

Mass or Volumes per 100 mL of
deionized water
3.74
1.43
2.2
10

Units
g
g
g
mL

2 mL
1.1 g
25 g

Glucose Media - Nutrients
Component
K4HPO4
KH2PO4
(NH4)2SO4
MgSO4/FeSO4
solution
Trace Metal
Element
solution

Mass or Volumes added per 50
mL of deionized water
3.74
1.43
2.2
10

Units
g
g
g
mL

2 mL

Glucose Media - Dextrose
Component
Dextrose

Mass or Volumes added per 50 Units
mL of deionized water
80 g

Other Solutions
Component
CaCl2
Component
MgSO4
FeSO4

Mass per 100 mL of total
solution
Concentration
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Units
24.4 g
Units
24.4 g/L
0.55 g/L

Feed Media was autoclaved at 121 °C and 10 psi for 15
minutes. The solutions were cooled to room temperature and
placed in the anaerobic glove box, containing an atmosphere of
N2 and less than 5 % v/v H2. Before inoculation, 0.5 mL of
CaCl2 solution was added to the glucose media. Next, 25 mL of
glucose media was inoculated with 1 mL of C. pasteurianum.
The culture grew for 12-24 hours. The grown culture is then
transferred to glycerol media a 25 or 30 mL and is grown in
batch or goes straight from glucose media to the 500 mL
reactor containing glycerol media.
After 24 hours, the absorbance at 600 nm and pH are
taken. When the pH was between 4.5 and 5 and OD was higher
than 0.6, the pumps were turned on and the reactor is put in
continuous mode. Every time a data point was taken, 3 1.0 mL
samples were taken for absorbance and pH, HPLC, and qNMR
analysis every 2 hours from time 0 to 12 hours. Quantitative
NMR spectroscopy analysis was only performed the June
Reactor Dilution Factor experiment and the experiment with a
constant 1.0 mL/min.
For the dilution factor experiment, flow rates were set
according to Table C.2. Two samples were taken when the reactor
was at steady state, one at the 98% turnover time and one two
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hours later. The layout of the continuous culture is shown in
Figure C.1.

Figure C.1: Continuous Culture Setup. The setup consisted of the
glycerol feed media (top left), continuous stirred tank reactor (middle),
waste container (top left), inlet pump (left), outlet pump (right).

Table C.2: Flow Rates for the Dilution Factor Determination
Experiment
Flow Rate
(mL/min)

Dilution
Factor (1/h)
0.6
1
1.5
2

0.072
0.12
0.18
0.24
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98%
(Turnover)
Time (h)
13.6
8.17
5.44
4.08

For the experiment that kept the flow rate was constant at
1.0 mL/min, samples were taken every 2 hours for the first 12
hours 24 hours of growth in 500 ml reactor. The culture grew
overnight for 12 hours, then the pumps were turned on and
culture was put into a continuous environment. Samples were
taken every hour for 10 hours for the first run and 12 hours for
the second run. Two more samples were taken 48 and 60 hours
after inoculation.
Samples collected from the reactor was centrifuged for 10
minutes at 12,000 RPM using the Eppendorf Minispin Centrifuge
and filtered with a 0.22 μm pore size nylon filter or a 0.2 PVDF
filter.
The accompanying software used collect retention times was
Varian HPLC GalaxieTM (GalaxieTM). The mobile phase used was
0.05 M of H2SO4 because it elicits a clear and lone butanol peak
at 50 minutes. Additionally, other products from the bioreactor
were determined, and all products yielded shorter retention times
than butanol. Each product’s integral area was converted to
concentration based on a calibration curve.
First GalaxieTM was opened and a file name was created.
Liquid chromatography, acquisition, quick start, RI detect, and
run identifier were all selected. A 3 mL syringe was rinsed with a
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control volume of deionized water three times. Next, the filtered
sample was poured into a weigh boat and drawn into the syringe
without any bubbles. Next a needle is attached to the syringe. The
HPLC is zeroed, and the needle is put in the injector to the first
stop. The injector circle is twisted to “Inject”, and the fluid is
pushed in. The chromatograph appears, the injector is twisted
back, the sample is unloaded. The sample is zeroed again, and the
baseline is zeroed. Finally, the syringe is rinsed with DI water
again.
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APPENDIX D: Theoretical NMR spectra for other waste Clostridium
pasteurianum bioreactor products made using ACD labs.
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Figure D.1: Theoretical NMR Spectrum of 1,3 Propanediol that was
generated using ACD Labs.
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Figure D.2: Theoretical NMR Spectrum of acetic acid that was generated
using ACD Labs.
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Figure D.3: Theoretical NMR Spectrum of butyric acid that was generated
using ACD Labs.
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Figure D.4: Theoretical NMR Spectrum of ethanol that was generated using
ACD Labs.
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APPENDIX E: NMR spectra for Calibration Curve Data
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Butanol-Water Spectra

Figure E.1: NMR spectrum of an 8 g/L butanol solution.
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Figure E.2: NMR spectrum of a 4 g/L butanol solution (ignore
the 6 in the sample name).
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Figure E.3: NMR spectrum of a 2 g/L butanol solution.
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Figure E.4: NMR spectrum of a 1 g/L butanol solution.
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Figure E.5: NMR spectrum of a 0.5 g/L butanol solution.
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Figure E.6: NMR spectrum of a 0.25 g/L butanol solution.
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Figure E.7: NMR spectrum of a 0.125 g/L butanol solution.

Table E.1: Determining butanol (BuOH) concentration from Vnmrj
concentration values.
BuOH
Conc
(g/L)

Vnmrj BuOH
conc (mM)

DSS Conc
(mM)

Adjusted BuOH
conc (mM)

BuOH conc
(g/L)

8

61.45

0.71

85.34

7.91

4

3.00

0.07

43.50

4.03

2

14.90

0.68

21.61

2.00

1

7.16

0.65

10.79

1.00

0.5

3.66

0.68

5.33

0.49

0.25

1.37

0.52

2.58

0.24

0.125

0.54

0.55

1.42

0.13
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Butanol-Liposome Spectra

Figure E.8: NMR spectrum of an 8 g/L Butanol and 2 g/L Lα-Lecithin Liposomes in solution
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Figure E.9: NMR spectrum of a 4 g/L Butanol and 2 g/L L-αLecithin Liposomes in solution
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Figure E.10: NMR spectrum of a 2 g/L Butanol and 2 g/L Lα-Lecithin Liposomes in solution
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Figure E.11: NMR spectrum of a 1 g/L Butanol and 2 g/L Lα-Lecithin Liposomes in solution
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Figure E.12: NMR spectrum of a 0.5 g/L Butanol and 2 g/L
L-α-Lecithin Liposomes in solution
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Figure E.13: NMR spectrum of a 0.1 g/L Butanol and 2 g/L
L-α-Lecithin Liposomes in solution
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Figure E.14: 0.075 g/L Butanol and 2 g/L L-α-Lecithin Liposomes in
solution
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Figure E.15: 0.05 g/L Butanol and 2 g/L L-α-Lecithin Liposomes
in solution
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Table E.2: Determining butanol (BuOH) concentration in butanolliposome solutions from Vnmrj concentration values.

DSS
Integral
Area
Diluted
stock
solution (4
g/L)
8
6
4
2
1
0.5
0.25
0.125
(stock
solution)
2.5
0.1
0.075
0.05

BuOH
conc
(g/L)

BuOH
target
peak 1

DSS
peak

BuOH
conc
(g/L)

Butanol
Concentration
(g/L)

Adjusted
Butanol
Concentration
(g/L)

19.85
10.10
13.41
20.02
40.53
83.38
165.22
339.64
757.98

4.03
7.92
5.96
4.00
1.97
1.00
0.50
0.25
0.11

36.82
78.61
53.70
34.62
16.53
8.60
4.10
2.08
0.85

0.81
0.88
0.80
0.77
0.75
0.80
0.76
0.79
0.72

4.16
8.18
6.16
4.12
2.04
0.99
0.50
0.24
0.11

4.09
8.05
6.06
4.06
2.00
0.99
0.50
0.24
0.11

4.00
7.86
5.92
3.97
1.96
0.99
0.50
0.24
0.11

33.842
844.397
1172.736
1661.832

2.462
0.099
0.071
0.050

21.856
0.895
0.652
0.498

0.817
0.84
0.8405
0.848

2.454
0.098
0.071
0.054

2.458
0.099
0.071
0.052

2.500
0.100
0.072
0.053
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Centrifugation

Figure E.16: Supernatant solution from 8 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.
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Figure E.17: Supernatant solution from 4 g/L Butanol and 2
g/L L-α-Lecithin Liposomes solution. Solution was
centrifuged, and supernatant was pipetted out. Though this
says 0.5 g/L this is 4 g/L butanol in 2 g/L.
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Figure E.18: Supernatant solution from 2 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and supernatant
was pipetted out.
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Figure E.19: Supernatant solution from 1 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.
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Figure E.20: Supernatant solution from 0.5 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.
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Figure E.21: Supernatant solution from 0.25 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.
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Figure E.22: Supernatant solution from 0.1 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.
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Figure E.23: Supernatant solution from 0.05 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was centrifuged, and
supernatant was pipetted out.

Table E.3: Processing of Butanol Concentration from
centrifuged butanol-liposome solutions
Original
DSS
Concentration Integral
(g/L)
Area
8
11.02
4
21.88
2
45.99
1
92.15
0.5
167.13
0.25
423.46
0.1
902.22
0.05 1850.49

Butanol Butanol DSS
Butanol Average
conc
target
peak
conc
Butanol
(g/L)
peak
(g/L)
Conc
area
(g/L)
7.56
64.16
0.79
7.49
7.52
3.81
33.35
0.81
3.77
3.79
1.81
15.95
0.82
1.80
1.80
0.90
8.14
0.83
0.90
0.90
0.4986
4.34
0.81
0.49
0.49
0.20
1.63
0.77
0.20
0.20
0.09
0.78
0.78
0.09
0.09
0.045
0.38
0.79
0.045
0.04
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Centrifugal Filtration

Figure E.24: Filtered solution from 8 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.

185

Figure E.25: Filtered solution from 4 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.

186

Figure E.26: Filtered solution from 2 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Amicon
Ultra-2 Centrifugal Filters.
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Figure E.27: Filtered solution from 1 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.
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Figure E.28: Filtered solution from 0.5 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.
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Figure E.29: Filtered solution from 0.25 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.
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Figure E.30: Filtered solution from 0.1 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.
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Figure E.31: Filtered solution from 0.05 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Amicon Ultra-2
Centrifugal Filters.

Table E.4: Processing of butanol concentration from filtrate of
centrifugal filtered butanol-liposome solutions
Original
DSS
Concentration Integral
(g/L)
Area
8
10.81
4
21.82
2
41.00
1
88.76
0.5
168.31
0.25
325.45
0.1
877.02
0.05 1812.76

Butanol Butanol DSS
Butanol Average
conc
target
peak conc
Butanol
(g/L)
peak
(g/L)
Conc
area
(g/L)
7.71
69.70
0.84
7.64
7.68
3.82
31.13
0.76
3.78
3.82
2.03
15.22
0.69
2.01
2.02
0.94
7.00
0.69
0.93
0.93
0.50
3.74
0.70
0.49
0.49
0.26
1.91
0.69
0.25
0.25
0.10
0.69
0.70
0.089
0.092
0.05
0.35
0.71
0.045
0.046

Final
Butanol
Conc
(g/L)
6.98
3.47
1.84
0.85
0.47
0.24
0.088
0.044

Stock
Solution
20
10
1

21.78
7.548
79.111

3.826
11.040
1.053

38.036
111.61
10.851
192

0.908
0.936
0.954

3.842
10.938
1.043

3.834
10.989
1.048

10.989
1.048

Sephadex

Figure E.32: Filtered solution from 8 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Sephadex G25 Spin
Columns. 50 μL of filtrate was diluted with 550 μL of deionized water.
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Figure E.33: Filtered solution from 4 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Sephadex G25 Spin
Columns. 50 μL of filtrate was diluted with 550 μL of deionized water.
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Figure E.34: Filtered solution from 2 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Sephadex G25 Spin
Columns. 50 μL of filtrate was diluted with 550 μL of deionized water.
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Figure E.35: Filtered solution from 1 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with Sephadex G25 Spin
Columns. 50 μL of filtrate was diluted with 550 μL of deionized water.
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Figure E.36: Filtered solution from 0.5 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Sephadex G25
Spin Columns. 50 μL of filtrate was diluted with 550 μL of deionized
water.
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Figure E.37: Filtered solution from 0.25 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Sephadex G25
Spin Columns. 50 μL of filtrate was diluted with 550 μL of deionized
water.
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Figure E.38: Filtered solution from 0.1 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Sephadex G25
Spin Columns. 50 μL of filtrate was diluted with 550 μL of deionized
water.
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Figure E.39: Filtered solution from 0.05 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with Sephadex G25
Spin Columns. 50 μL of filtrate was diluted with 550 μL of deionized
water.

Table E.5: Processing of butanol concentration from Eluent of
Sephadex filtered butanol-liposome solutions
Original
DSS
Concentration Integral
(g/L)
Area
8
4
2
1
0.5
0.25
0.1
0.05

64.22
137.59
277.00
573.05
1121.62
2197.71
7055.52
11272.99

Butanol Butanol DSS
Butanol Average
conc
target
peak
conc
Butanol
(g/L)
peak
(g/L)
Conc
area
(g/L)
1.30
11.03
0.80
1.26
1.28
0.61
5.24
0.80
0.60
0.60
0.30
2.52
0.78
0.30
0.30
0.15
1.24
0.79
0.14
0.14
0.07
0.64
0.80
0.07
0.07
0.04
0.29
0.71
0.04
0.04
0.01
0.10
0.77
0.01
0.01
0.01
0.06
0.76
0.01
0.01
200

Final
Butanol
Conc
(g/L)
7.68
3.62
1.80
0.87
0.44
0.23
0.07
0.04

PVDF Membrane Filtration

Figure E.40: Filtered solution from 8 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm, 0.1 μm
PVDF membrane syringe driven filters.
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Figure E.41: Filtered solution from 4 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm, 0.1 μm
PVDF membrane syringe driven filters.
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Figure E.42: Filtered solution from 2 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm, 0.1 μm
PVDF membrane syringe driven filters.
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Figure E.43: Filtered solution from 1 g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm, 0.1 μm
PVDF membrane syringe driven filters.
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Figure E.44: Filtered solution from 0.5 g/L Butanol and 2 g/L L-αLecithin Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm,
0.1 μm PVDF membrane syringe driven filters.
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Figure E.45: Filtered solution from 0.1g/L Butanol and 2 g/L L-α-Lecithin
Liposomes solution. Solution was filtered with 0.45 μm, 0.2 μm, 0.1 μm
PVDF membrane syringe driven filters.

Table E.6: Processing of butanol concentration from filtrate of PVDF
membrane filtered butanol-liposome solutions
Original
DSS
Concentration Integral
(g/L)
Area

Butanol Butanol DSS Butanol
conc
target
peak conc
(g/L)
peak
(g/L)
area

Average
Butanol
Conc
(g/L)

Final
Butanol
Conc
(g/L)

4

20.54

4.06

34.39

0.79

4.02

4.04

4.00

8

11.45

7.28

59.15

0.75

7.21

7.24

7.17

4

24.56

3.39

28.74

0.78

3.36

3.38

3.35

2

42.71

1.95

15.13

0.72

1.93

1.94

1.92

1

94.36

0.88

7.54

0.84

0.83

0.86

0.85

5

15.40

5.41

40.13

0.69

5.36

5.39

5.00

0.5

177.03

0.47

3.43

0.68

0.46

0.47

0.43

0.1 1127.67

0.07

0.57

0.71

0.07

0.07

0.07

(Diluted Stock)
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Sample Calculation: Assuming, a Beginning Concentration of 1 g/L
butanol in 2 g/L liposomes in a 1.5 mL (1500 μL) Eppendorf tube.
𝐶𝑓, 𝑏𝑢𝑡 = 0.9

𝑔
𝐿

(from qNMR)

1. 𝑉𝑙𝑖𝑝 =

𝑚𝑙𝑖𝑝
𝜌𝑙𝑖𝑝

=

𝐶𝑙𝑖𝑝 ∗𝑉𝑡𝑜𝑡𝑎𝑙
𝜌𝑙𝑖𝑝

=

𝑔
𝐿
𝑔
𝑚𝐿
1.03
∗1000
𝑚𝐿
𝐿

2 ∗.0015 𝐿

= 2.91𝑥10−6 𝐿 𝑜𝑟 2.91 μL

2. 𝑉𝑓 = 𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑉𝑙𝑖𝑝 = 1500 − 2.91 = 1497.19 𝜇𝐿
3. 𝑉𝑡𝑜𝑡𝑎𝑙 ∗ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 = 𝑉𝑓 ∗ 𝐶𝑓, 𝑏𝑢𝑡 + 𝑉𝑙𝑖𝑝 ∗ 𝐶𝑙𝑖𝑝, 𝑏𝑢𝑡
4. 1500 𝜇𝐿 ∗ 1

5.

𝐶𝑙𝑖𝑝, 𝑏𝑢𝑡 =

6. 𝐾𝑝 =

𝑔
𝐿

𝑔

= 1497.19 𝜇𝐿 ∗ 0.9 + 2.91 𝜇𝐿 ∗ 𝐶𝑙𝑖𝑝, 𝑏𝑢𝑡
𝐿

𝑉𝑡𝑜𝑡𝑎𝑙 ∗𝐶𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑡 −𝑉𝑓 ∗𝐶𝑓, 𝑏𝑢𝑡

𝐶𝑏𝑢𝑡, 𝑙𝑖𝑝
𝐶𝑏𝑢𝑡, 𝑓

𝑉𝑙𝑖𝑝

=

52.4
0.9

= 58.2
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= 52.4

𝑔 𝑏𝑢𝑡𝑎𝑛𝑜𝑙
𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

Figure E.46: A 2 g/L butanol eluent solution filtered using Sephadex G25 spin columns without Liposomes
The concentration of the filtrate is 1.99 g/L. If a 2 g/L of
liposomes were added, 12% of the moles of butanol would be retained
in the liposomes and the concentration of butanol would be around
1.76 g/L.
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APPENDIX F: NMR Spectrum for Clostridium pasteuranium bioreactor
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Figure F.1: Sample 0 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0 (h-1), flow rate = 0 mL/min, and butanol
concentration = 2.48 g/L and glycerol concentration = 13.64 g/L.
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Figure F.2: Sample 1 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0.072 (h-1), flow rate = 0.6 mL/min, and butanol
concentration = 5.46 g/L and glycerol concentration = 7.93 g/L.
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Figure F.3: Sample 2 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0.072 (h-1), flow rate = 0.6 mL/min, and butanol
concentration = 5.46 g/L and glycerol concentration = 9.66 g/L.
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Figure F.4: Sample 3 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0.12 (h-1), flow rate = 1 mL/min, and butanol
concentration = 5.39 g/L and glycerol concentration = 9.98 g/L.
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Figure F.5: Sample 4 from dilution factor experiment at culture inoculation in
reactor. Dilution Factor = 0.12 (h-1), flow rate = 1 mL/min, and butanol
concentration = 5.39 g/L and glycerol concentration = 9.54 g/L.
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Figure F.6: Sample 5 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0.18 (h-1), flow rate = 1.5 mL/min, and butanol
concentration = 5.39 g/L and glycerol concentration = 10.79 g/L.
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Figure F.7: Sample 6 from dilution factor experiment at culture inoculation in
reactor. Dilution factor = 0.18 (h-1), flow rate = 1.5 mL/min, and butanol
concentration = 5.39 g/L and glycerol concentration = 10.47 g/L.
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Table F.1: Butanol Concentration determination in Bioreactor for
Dilution Factor Experiment
Sample DSS
Butanol Butanol DSS
Butanol Butanol
Integral conc
target
peak
conc
Concentration
Area
(g/L)
peak 1
(g/L)
(g/L)
JRT0
33.06
2.52
17.60
0.66
2.45
2.48
JRT1
15.39
5.41
36.61
0.63
5.36
5.39
JRT2
15.19
5.49
34.90
0.59
5.43
5.46
JRT3
20.64
4.04
28.27
0.65
4.00
4.02
JRT4
18.43
4.52
30.55
0.63
4.48
4.50
JRT5
18.60
4.48
30.17
0.62
4.43
4.46
JRT6
17.72
4.70
32.12
0.63
4.66
4.68

Table F.2: Glycerol Concentration determination in Bioreactor for
Dilution Factor Experiment
Reactor DSS
Time
Conc
JRT0
JRT1
JRT2
JRT3
JRT4
JRT5
JRT6

0.66
0.63
0.59
0.65
0.63
0.62
0.63

Glycerol
Glycerol
Glycerol Conc
Conc
Conc
(g/L)
(mM)
(mM)
485.69
147.18
13.64
318.60
101.79
9.43
306.97
104.24
9.66
347.86
107.36
9.95
356.13
113.78
10.54
361.57
115.89
10.74
357.02
112.98
10.47
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Bioreactor run at a steady state flow rate of 1 mL/min NMR Spectrum

Figure F.8: NMR spectrum for one flow rate experiment at time = 1 hours (25
hours after inoculation)
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Figure F.9: NMR spectrum for one flow rate experiment at time = 2 hours (26
hours after inoculation)
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Figure F.10: NMR spectrum for one flow rate experiment at time = 3 hours (27
hours after inoculation)
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Figure F.11: NMR spectrum for one flow rate experiment at time = 4 hours (28
hours after inoculation)
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Figure F.12: NMR spectrum for one flow rate experiment at time = 5 hours (29
hours after inoculation)
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Figure F.13: NMR spectrum for one flow rate experiment at time = 6 hours (30
hours after inoculation)
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Figure F.14: NMR spectrum for one flow rate experiment at time = 7 hours (31
hours after inoculation)
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Figure F.15: NMR spectrum for one flow rate experiment at time = 8 hours (32
hours after inoculation)
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Figure F.16: NMR spectrum for one flow rate experiment at time = 9 hours (33
hours after inoculation)
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Figure F.17: NMR spectrum for one flow rate experiment at time = 10 hours (34
hours after inoculation)
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Figure F.18: NMR spectrum for one flow rate experiment at time = 11 hours (35
hours after inoculation)
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Figure F.19: NMR spectrum for one flow rate experiment at time = 12 hours (36
hours after inoculation)
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Figure F.20: NMR spectrum for one flow rate experiment at time = 24 hours (48
hours after inoculation)

230

Table F.3: Butanol Concentration determination in Bioreactor for 1.0
mL/min experiment

time
1
2
3
4
5
6
7
8
9
10
11
12
24

Vnmrj
DSS
Vnmrj
DSS
BuOH Butanol
Integral
BuOH BuOH
Conc
conc
Concentration
Area
conc
conc (mM) (mM)
(g/L)
(g/L)
17.96
4.64
32.57
0.65
4.60
4.62
21.51
3.87
27.48
0.662
3.81
3.84
24.74
3.37
24.63
0.677
3.34
3.35
26.35
3.16
22.14
0.65
3.12
3.14
29.80
2.80
20.14
0.666
2.77
2.78
32.36
2.58
17.72
0.637
2.55
2.56
33.36
2.50
18.10
0.665
2.50
2.50
33.46
2.49
16.67
0.618
2.47
2.48
33.75
2.47
15.89
0.601
2.43
2.45
32.56
2.56
16.73
0.603
2.54
2.55
27.74
3.00
17.69
0.548
2.96
2.98
26.06
3.20
18.91
0.561
3.09
3.15
13.55
6.15
41.32
0.625
6.06
6.11

Table F.4: Glycerol Concentration determination in Bioreactor for 1.0
mL/min experiment
DSS
Conc
(mM)

Reactor
Time

Glycerol
Conc (mM)

Glycerol
Conc (mM)

Glycerol
Conc (g/L)

1

0.65

394.71

121.45

11.25

2

0.66

432.84

130.77

12.12

3

0.68

462.40

136.60

12.66

4

0.65

484.94

149.21

13.82

5

0.67

504.39

151.47

14.03

6

0.64

509.11

159.85

14.81

7

0.67

559.17

168.17

15.58

8

0.62

539.33

174.54

16.17

9

0.60

544.03

181.04

16.77

10

0.60

539.84

179.05

16.59

11

0.55

536.05

195.64

18.13

12

0.56

514.78

183.52

17.00

24

0.63

302.64

96.85

8.97
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